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Abstract
This thesis is concerned with the use of the scanning near-field optical 
microscope (SNOM) to pattern and image conjugated polymer structures. 
The SNOM is one of just a few optical instruments which are capable of 
breaking the diffraction limit which limits conventional microscopes to a 
resolution of approximately half a wavelength. It does so by directing light 
onto a sub-wavelength aperture at the apex of a probe, establishing a local 
evanescent field of subwavelength dimensions around the aperture. 
Conjugated polymers on the other hand are an interesting class of materials 
which have semiconducting properties and a rich photophysics making 
them suitable for use in novel light-emitting diodes, transistors and solar 
cells. I demonstrate direct patterning of several conjugated polymers using 
the SNOM with a resolution extending below 100 nm and attempt to 
explain the resolution of the lithography through simulations using the 
Bethe-Bouwkamp model o f the field surrounding a sub-wavelength 
aperture. In particular the modelling focuses on the role of the film 
thickness and reflections from the substrate. Further experiments 
demonstrate that thermal effects which can be caused by heating of the 
SNOM probe do not play a role in lithography with the SNOM in this case. 
However, I demonstrate the use of a scanning thermal microscope to do a 
novel and purely thermal lithography on one of the same conjugated 
polymers. Resolutions of 120 nm are demonstrated, and finite element 
analysis is used to show that significant improvements in resolution should 
be possible by optimisation of the probe and the polymer film.
In addition, I present simulations of imaging artefacts caused by 
topography on samples under SNOM investigation, and use the same 
model to look at the potential of the SNOM to obtain information about 
sub-surface objects. SNOM images are presented of blends and 
supramolecular fibres of conjugated polymers.
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i. Overview
The scanning near-field optical microscope (SNOM) came to the attention of the 
optics community in the mid 1980s when the first working examples were reported [1, 
2]. The enthusiasm for the SNOM was driven by its ability to achieve optical 
resolutions beyond the diffraction limit, which limits the resolution of conventional 
optical microscopes to approximately half a wavelength of the light used. The SNOM 
was conceived as far back as 1928 [3], but without the technology to build such a 
delicate and precise instrument no attempts were made until a microwave near-field 
microscope was built at UCL in 1972 [4]. Still, scanning probe microscopies had been 
established before the field of near-field optics could flourish. Now, more than twenty 
years after the first reports in the literature, the SNOM has found numerous applications 
for both imaging and lithography. In Chapter 2 I discuss some of the fundamentals, 
theory, implementations and developments in SNOM, whilst some details of the SNOM 
system used for the work in this thesis are outlined in Chapter 3.
Materials of particular interest to this thesis are conjugated polymers. These 
carbon-based polymers have a delocalised rc-electron system along their backbone 
which gives them intriguing optical and electronic properties and has led to their 
incorporation into a wide range of devices including LEDs [5], transistors [6] and solar 
cells [7, 8]. Devices based on polymers offer an often attractive alternative to inorganic 
semiconductor devices due to their flexibility and the low cost of processing from 
solution. Some of the physics of conjugated polymers and their devices is discussed in 
Chapter 4, with particular emphasis on the interaction with light (absorption and 
emission).
The main experimental focus of this thesis is on lithography of conjugated 
polymers and Chapter 5 investigates high resolution photolithography using the SNOM 
on several conjugated polymers. A review of the SNOM as a lithographic tool is also 
presented to put the results into context. Two supplementary sets of experiments 
demonstrate that whilst SNOM probes do heat up during use, this does not affect the 
lithography in our case. Therefore the Bethe-Bouwkamp [9-11] model of the optical 
near-field is employed to shed light on the resolution achieved in the lithography and 
specifically to address the role of polymer film thickness and reflections from the 
substrate.
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In Chapter 6, the same model of the near-field was turned to simulate the use of 
the SNOM for imaging. Specifically, I looked at a certain class of artefacts found in 
SNOM images which are caused by topography on the sample surface. For certain 
surfaces, I demonstrate the distortion and displacement of objects in the optical image 
that would be obtained by the SNOM. In addition, I use the model to look at the 
imaging of subsurface objects and at what information could be extracted about them, 
something which is often overlooked in the SNOM literature as the SNOM is primarily 
a surface sensitive instrument.
With the scanning probe family of microscopes expanding to include many types 
of functionalise probes, I leave the SNOM behind in Chapter 7 to use a scanning 
thermal microscope to demonstrate a novel thermochemical lithography on conjugated 
polymers with resolution of 120nm. This is an exploratory study with an instrument that 
is not optimised for lithography, but yet achieves impressive results. Finite element 
modelling of the temperature profile around a scanning thermal probe indicates that 
much improvement in this resolution may be achieved by using different materials and 
probes or by better controlling the mechanical interaction of the probe with the sample.
Finally in Chapter 8 I present some photoluminescence images of conjugated 
polymer structure obtained with the SNOM during the course of this PhD. Images of 
polymer blends and supramolecular fibres are presented, as these structures are 
interesting for their interfacial and charge transport properties respectively. The images 
presented are intended as preliminary studies into the optoelectronic properties of such 
structures on the nano-scale.
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2. Exploiting the optical near-field
The optical microscope has been a standard tool of scientific research for about 
400 years, during which time its use has spanned a range of fields from biology and 
medicine to materials science and solid state physics. Though known to have originated 
in the Netherlands at around the turn of the seventeenth century, it is disputed as to 
whether it was the father and son team of Hans and Zacharias Janssen who developed 
the first microscope or possibly Hans Lippershey (who also filed for the first patent of a 
telescope). In these early days, magnifications of less than lOx already allowed users to 
view every day objects in detail never seen before. The potential to improve 
understanding of objects by looking at them on ever finer scales drove huge amounts of 
research into optics theory and the manufacture of high quality components. The end 
result is that features on the submicron scale can now be observed routinely. From 
school classrooms to hospitals and the world’s most advanced manufacturing and 
research establishments, the optical microscope has become one of the most successful 
instruments in the history of science.
The power of optical microscopes is not only limited by the ability to manufacture 
the highest quality lenses. There is a fundamental limit to the ability of a lens system to 
distinguish between two close objects. Any object, no matter how small will always 
have its image blurred by the point-spread function of the lens. The point-spread 
function is an intrinsic property of any lens which describes how even an infinitely 
small object appears a finite size and shape in the image. The origin of the point spread 
function comes from considering the wave vector, k=(kx, ky_ kz), of light from the object 
plane (x„, y„) (Figure 1). Since waves will only propagate from the surface if kz is real
and since k. = ^\k\~ - k x2 - k 2 ~ k x2 - k  2 , neither kx nor ky can exceed
^n/k  ’ w^ere ^ *s wavelength .°f light. In other words, only spatial frequencies
less than can propagate from the object plane to the lens. Mathematically, the
image intensity, Ij(x’,y ’), can be thought of as the convolution of the object intensity, 
I0(x,y), with the point-spread function, S(x,y;x’,y ’):
/ ( * ' , / ) =  ^ l 0{x,y)S{x,y\x'  ,y')dxdy Equation 1
object
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For an aberration free system, the point-spread function is proportional to the Airy 
irradiance distribution function [12]. The Rayleigh criterion states that the minimum 
separation of two objects that can be resolved by a lens occurs when the maximum of 
the point-spread function of one object coincides with the first minimum in the point- 
spread function of the other (Figure 1). This is the diffraction limit and was put into 
mathematical expression by the works of Lord Rayleigh and Ernst Abbe in the 19th 
century. It intimately links the minimum separation of visibly distinguishable objects, 
Ax, with the wavelength of light used, X, and can be expressed as [12]
1.22/1Ax = --------------------------  Equation 2
2nsin(0)
where n is the refractive index of the medium between the lens and object and 0 is the 
angle that rays from the axial point in the object plane (A) passing through the outer 
edge of the lens make with the axial rays from the same point (as depicted in Figure 1). 
The product nsin(£?) is also known as the numerical aperture of the lens system and 
should be maximised for the highest resolutions. For optical microscopes, this typically 
sets a limit of a few hundred nanometres, with the exact value depending in part on 
exactly which part of the spectrum is being used.
The diffraction limit was already very close to being reached at the start of the 
twentieth century, as can be seen from the schematic of the advancement of microscope
Image plane
Object plane 
(xo,y0) Intensity
A’
B’
Figure 1 -  The ray diagram and image of two objects separated by the minimum resolvable distance 
defined by the Rayleigh criterion.
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resolutions in Figure 2. Since then, changes have mostly been incremental. Oil 
immersion lenses, for example, can be used to increase the numerical aperture over 
regular lenses. Confocal microscopes make use of pinholes at the light source and at the 
detector causing light to be rejected from all but the focal plane, and allow sectioning of 
biological samples. Going to ever shorter wavelengths in the deep ultraviolet, and 
towards x-rays, is a very popular resolution enhancing approach in lithography. This has 
been very successful for computer chip manufacture where the 65nm generation of 
chips are now entering production. However, it has many practical problems, mostly 
concerned with fabricating optical components which can transmit such short 
wavelength radiation and even having to use high vacuum due to absorption of the short 
wavelength radiation by air. In addition, many samples can be damaged by high energy 
photons.
The first significant leap in microscopy in the twentieth century was to abandon 
the use of photons as the probe and move to other particles. This followed the work of 
de Broglie who hypothesised in his PhD thesis of 1923 that particles have a 
characteristic wavelength, X, related to their momentum, p, and Planck’s constant, h:
Electrons were the first particles to be exploited and it was in the 1930s that the 
first working electron microscopes were demonstrated by the German engineers Ernst 
Ruska and Maximillion Knoll. This instrument is now known as the transmission 
electron microscope (TEM) and works by directing a focussed beam of electrons onto a 
semi-transparent sample and collecting transmitted electrons with a detector on the 
other side. After correcting for aberrations TEM can resolve atomic separations. Its 
limitations lie mostly in the necessary use of a vacuum and complex preparation of 
samples, which are often required to be very thin to achieve transparency to the 
electrons. Scanning electron microscopy (SEM) takes a slightly different approach, 
detecting secondary electrons excited from the sample by the primary beam. 
Resolutions are not as good as TEM (especially for less conductive samples), but 
without the need to prepare thin sections the range of samples which can be investigated 
is much greater.
Despite these developments, extending the resolution of optical microscopy is still 
hugely important, as many familiar processes, especially in biology and optoelectronics,
Equation 3
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Figure 2 -  The history of resolution in microscopy plotted for the past 150 years up to 19% (taken 
from [14]).
occur within the visible range of wavelengths. The step-change in resolution capabilities 
of optical microscopy came when instruments were designed to make use of evanescent 
light rather than propagating light. Evanescent optical waves were first discovered, 
though incorrectly explained, by Isaac Newton in the 17th century [13]. He had observed 
total internal reflection inside a glass prism and then tried to frustrate the internal 
reflection by placing a convex prism in contact with the first one. He noticed that the 
total internal reflection was frustrated over an area slightly larger than the contact area 
of the prisms. Somehow light was travelling across the glass-air barrier even though no 
visible radiation could be observed in the absence of the second prism. The mechanism 
by which this happens is now well known to involve tunnelling by evanescent waves.
One situation where evanescent waves may occur is where a wave is confined in 
the plane perpendicular to its propagation direction, such as in a waveguide (Figure 3). 
The general equation for a plane wave at a time t is:
E(r,t) = E0^ He[e\p(i(k • r + O X))] Equation 4
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Where r = (x,y,z) is the position vector, k = (kx, k v, k : ) is the wavevector, Eo is the 
amplitude and co is the angular frequency. The wavenumber is defined as
*o = ( * /  + k y 2 + k z ~ Y 2 = ° / c  =  Equation 5
and is necessarily constant (Xo is the wavelength of the incident light). Now one can 
consider what may happen if the wave is travelling in the z-direction but is confined by 
a rectangular waveguide in the x  and y directions. kx and ky become fixed by the
dimensions of the waveguide: kx = — , k v =!HIL where n and m are positive integers
a b
and a and b are the dimensions of the waveguide in the x  and y directions respectively. 
The component of the wavevector in the z-direction can then be re-expressed as:
k , = ( k o 2 -  k x 2 -  k v 2 ) ^  and is imaginary if (kx2 + ky2) > k02 Equation 6
An imaginary value of kz has consequences for the propagation of the wave. Consider 
an expanded form of Equation 4:
E(r,t)  = • enk‘x+k'y)e,aM J Equation 7
If kz becomes imaginary, the wave becomes exponentially decaying or evanescent in the 
z-direction. Evanescent waves are not propagating waves and accordingly do not 
transfer energy from the waveguide unless they are subsequently scattered, absorbed or 
reach a medium where they can once again propagate. In the narrowing waveguide 
(Figure 3), many modes can exist where a , b » \ ,  with the number of propagating
modes decreasing as the waveguide narrows until only the mode n=m=l can propagate. 
Where even this mode can no longer propagate, the cut-off region, only an evanescent 
wave can exist. If nothing interrupts the evanescent wave, all of the power is reflected 
backwards down the waveguide.
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Figure 3 -  Propagating and evanescent waves in a narrowing waveguide.
The fundamental basis of near-field imaging is to exploit these evanescent waves 
whose spatial distribution is not diffraction limited. A field profile of arbitrary lateral 
width can be generated and exploited in the vicinity (within a few decay lengths) of a 
near-field source. This is both the benefit and the limitation of the SNOM: sub­
wavelength resolutions are achievable, but only if the object is placed at a (typically) 
sub-wavelength distance from the probe. The higher the resolution one wants to 
achieve, the closer the sample needs to be to the probe.
The first published thoughts on a possible design for a SNOM came more than 
half a century before the first SNOM was realised. Synge [3] proposed shining light on 
a planar metal sheet containing a -lOOnrn aperture and scanning this near-field source 
over a biological sample at ~10nm separations (Figure 4). Whilst the paper is only a 
publication of a conceptual idea, it was a great leap in the perceived limits of optical 
microscopy. The proposed implementation is not that far removed from current 
methods, and Synge correctly anticipated a large demand for sub-wavelength biological 
imaging which today occupies a large portion of the market for near-field, confocal and 
other novel optical microscopes. Despite this, many of the practical challenges laid out 
in the paper were insurmountable at the time (the suggested use of a differential screw 
to control distances with nanometre precision was not likely to succeed).
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Light polarisation
A  ~10nm
Figure 4 -  The proposed implementation of Synge, where a metal sheet is scanned at sub- 
wavelength distance above a biological sample. Light is incident on a sub-wavelength aperture in 
the sheet.
2.1 Implementations of near-field microscopy
The first example of near-field microscopy dates back to 1972, when a pioneering 
microwave experiment was conducted by Ash and Nicholls at UCL [4]. By illuminating 
a sample with microwaves through a sub-wavelength aperture in a thin diaphragm (X = 
3cm in this case) and scanning the sample, detection of gratings with a line-width of 
0.5mm (X / 60) was demonstrated, and the technique was extended to two-dimensional 
imaging (Figure 5). The dimensions of the experiment were a long way off those 
required for sub-wavelength optical resolution, but it was a demonstration of the 
potential resolution benefits of near-field imaging. The concept of an optical technique, 
although closer, was still ahead of the technology. It was only with the invention of the 
scanning tunnelling microscope (STM) in 1982 [15] that the lateral resolutions of 
scanning probe techniques reached the nano-regime.
19
UCL
Figure 5 -  A two-dimensional near-field microwave image of the metal characters ‘UCL’, 
reproduced from [4]. The original object is shown in (a) and the image in (b). The line-width of the 
lettering is 2mm (X / 15)
2.1.1 Scanning probe microscopy
The very first of the scanning probe microscopes was the scanning tunnelling 
microscope (STM) [15], which uses piezoelectric drivers to scan a conductive probe 
over a sample at a height that maintains a constant tunnelling current between the two 
(at constant tunnelling voltage). In this very first implementation of the modern SPM 
techniques, atomic resolution was achieved. This sparked a huge amount of interest in 
both the STM and an emerging family of SPMs, with the 1986 Nobel Prize in Physics 
being awarded to Binnig and Rohrer for their contribution. The atomic force microscope 
(AFM) is now the most common of the SPM techniques and emerged a few years after 
the STM. It uses the deflection of a cantilevered probe to measure the topography of the 
surface it is scanned over [16]. Both the AFM and the STM are now mature 
technologies of the SPM family of techniques, which currently includes probes to 
measure a range of properties such as magnetic [17], thermal [18-20] and electrostatic 
force [21] to name just a few.
This technology was ideal for a near-field optical microscope and it was in 1983- 
1984 that the first examples of a SNOM were presented [1,2] separately by two groups, 
one of them describing the technique as ‘optical stethoscopy’ due to the parallels with a 
doctor’s stethoscope which can locate a heartbeat to about 10cm accuracy using sound 
waves with a wavelength of many metres. Within two years, further examples had
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emerged [22, 23], and the acronym NSOM (near-field scanning optical microscope) was 
introduced. Today NSOM and SNOM (scanning near-field optical microscopy) are 
interchangeable acronyms which are both in common use.
2.1.2 Near-field probe design and manufacture
Over the past 20 years a number of probes have been developed for the SNOM, 
each with their own merits. Broadly these can be divided into two classes: apertured and 
apertureless. Of these, the apertured technique is the most similar to Synge’s conceptual 
design and it is apertured probes that I use in this thesis. These probes in general consist 
of an optical fibre which is tapered to a fine point either by chemical etching of the fibre 
[24-26] or by a heat and pull method [27, 28]. The taper is coated in a metal (typically 
Au or Al) to stop stray light escaping in the taper region except at a subwavelength 
aperture at the apex which can be realised either by focussed ion beam milling [29, 30], 
by shadow evaporation of the metal [29] or by controlled pressing of the probe onto a 
sample [23]. Current methods can produce apertures down to ~30nm. The conical shape 
of the probe overcomes the problems associated with Synge’s conducting sheet which 
is, in practice, near impossible to scan over a sample at subwavelength distances 
because of the <10nm roughness required over large areas of both the sample and the 
sheet.
More recently, cantilevered aperture SNOM probes have been developed [31]. 
These can afford many benefits over conventional apertured probes, largely because of 
the level of integration that can be achieved on a single probe. This is driven by the 
expertise in silicon processing that exists in the semiconductor and MEMS industries, 
and can be used to integrate waveguides [31, 32], piezoresistors [33], LEDs [32], 
photodiodes [34] and lasers [34] into the probe. This new multifunctionality of the 
probe as potentially the feedback sensor, optical source and detector has led to use of 
the phrase ‘SNOM on chip’ [34].
Apertured probes can be used to locally illuminate the sample (Figure 6(b,e)), to 
collect light from a sample illuminated in the far-field (Figure 6(a,d)), to both illuminate 
and collect in a hybrid mode (Figure 6(c)) or to frustrate and collect the near-field of a 
sample illuminated by total internal reflection (TIR) (Figure 6(0).
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The apertureless technique emerged from a number of groups at approximately 
the same time [35-40], though some patents precede the first publications [41, 42]. They 
all use a sharp tip (usually metal) and can exploit two phenomena. Firstly, the probes 
may frustrate the near-field of a sample which is illuminated in the far-field (somewhat 
similar to Figure 6(0) and secondly the probes may cause an enhancement of the 
incident optical field in the vicinity of their apex. Both result in a resolution comparable 
to the radius of curvature of the apex. The illumination and collection are always in the 
far-field. Both effects allow sub-diffraction limit imaging and the field enhancement 
effect can also be used in optical lithography [43]. Apertureless probes do show the 
greatest promise for the highest resolutions because of the smaller probe size compared 
to apertured probes, where there are difficulties in fabricating equally small apertures. 
However, the apertureless technique does require a prolonged far-field exposure of the 
sample, which can, in some cases, degrade or chemically convert large areas of the 
sample.
A third class of SNOM probe offering a mixture of the benefits of apertured and 
apertureless techniques is the so-called tip-on-aperture [44]. This probe includes a sharp 
metallic tip grown on an apertured probe. Surface plasmons are excited in the tip by 
illumination from the aperture, allowing the resolution benefits of apertureless imaging 
with very low background signal and avoiding prolonged far-field exposure of the 
sample. This probe has successfully been used to image single fluorescent dye 
molecules [45].
2.1.3 Shear-force feedback
A number of feedback mechanisms have been used in SPMs, the most common 
ones being tunnelling current (as in STM), and optical feedback from the reflection of a 
laser beam off a cantilevered probe and onto a split photodiode, as used in both contact 
and tapping mode AFM. Tunnelling current may be applied either in apertureless 
SNOM [46]' or in apertured SNOM [23], where the latter relies on a small accidental 
metallic protrusion on the base of the probe as a tunnelling tip. Using a secondary laser 
beam for an optical feedback mechanism introduces an additional optical signal which 
may interfere with detection of the near-field one. As a result, most implementations of 
near-field optical microscopes use either shear-force feedback, photon tunnelling 
(Photon Scanning Tunnelling Microscopy -  PSTM) or are operated in constant height 
mode.
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Figure 6 -  The principle modes of apertured SNOM (diagram reproduced from [14]). (a) and 
(d) are collection techniques with (d) being known as oblique collection, (b) and (e) are 
illumination techniques, where (b) is in transmission and (e) is in reflection, (c) is the 
combined illumination-collection mode and (f) is a total internal reflection or dark-field mode 
(though (f) can be achieved with an uncoated probe).
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PSTM [47, 48] uses the signal from the optical near-field detector to scan the 
probe over the sample at a constant optical signal, similar to the electron tunnelling 
current in STM. Along with constant height mode, where the feedback is disengaged 
and the tip is scanned at a fixed height above the sample, it has been reported that these 
two methods have the benefit of being free from artefacts caused by the topography of 
the sample [49] (Chapter 6.1). In the case of PSTM this is true only when the probe size 
is smaller than the topography being measured. Shear-force feedback is more prone to 
such artefacts but it does allow the probe to scan in close contact with samples that 
show significant topography, whilst measuring both the topography and an optical 
signal.
Shear-force is typically achieved by using a tuning fork to dither the probe in the 
plane of the surface of the sample, an implementation introduced by Karrai [50]. In this 
implementation, the probe is glued to a tuning fork, which is in turn glued to a 
piezoelectric bimorph as shown schematically in Figure 7. The tuning fork oscillation is 
driven by the bimorph near the resonance frequency of the fork and a feedback signal is 
read back from the fork. When the probe approaches the sample, shear-force interaction 
between the apex of the probe and the sample dampens the oscillation and reduces the 
feedback amplitude. The control, electronics hold the probe at a height where the 
feedback signal is just a few percent below the free amplitude. There is a question over 
the origin of the feedback in such systems, with instances of either interaction of the 
probe with a water meniscus on the surface or of tapping of the edge of the probe on the 
sample having been identified [51]. Previous experiments on this system [52] point to 
the latter in our case.
1 Apertureless SNOM with STM type feedback also goes by the acronym FOLANT -  Focussing of laser 
radiation in the near-field of a tip [46] J. Jersch and K. Dickmann, Applied Physics Letters 68, 868-870 
(1996).
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Dither motion
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(driving oscillation)
Tuning fork
(Provides the feedback signal)
Figure 7 -A schematic of a typical shear-force assembly for a SNOM probe (as used in this thesis). 
The probe can either be located on top of the tuning fork as shown or on the left-hand edge.
2.1.4 Implementations of SNOM and recent developments
In relation to conjugated polymer and other organic semiconductor investigations 
using the SNOM, most of the work published has focussed on mapping either the 
photoluminescence of blended thin films [29, 53, 54] or the photocurrent properties of 
photovoltaic devices [55, 56] or mapping both simultaneously [57]. All require the 
SNOM to be used in illumination mode to generate bound electron-hole pairs before 
they either decay radiatively (photoluminescence imaging) or are separated by a 
combination of applied and internal electric fields and collected at the electrodes 
(photocurrent imaging). Photoluminescence mapping is a very useful tool for analysing 
the local composition or quenching effects in phase separated blends, whilst the 
photocurrent reveals information as to where in the device current is being generated. 
Both provide information which could impact the development of future devices. 
Photovoltaic devices are most easily imaged between laterally separated electrodes [57], 
but it is also possible to image through very thin metal electrodes in a sandwich 
structure device [55, 56], though presumably at some loss in resolution and signal. In a 
more elaborate experiment, the SNOM probe itself has been used as the top electrode
[58]. The probe bias can be used to attract (or repel) hole polarons towards (or away 
from) the region under it. The presence of hole polarons quenches the 
photoluminescence of the near-field excitation allowing the transient polaron behaviour 
(diffusion, generation, trapping etc.) to be studied by monitoring the photoluminescence 
whilst applying short laser and voltage pulses.
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To obtain more detailed chemical information, near-field imaging can be extended 
to near-field spectroscopy. This has been done on single molecules at room temperature 
in air maintaining spatial resolutions of -lOOnrn whilst detecting spectral shifts of lOnm
[59]. Near-field Raman spectroscopy [60, 61] offers complementary benefits as the 
vibronic frequencies probed give an insight into the chemical bonds, material phase and 
stress in the sample. The low cross-section for Raman scattering is often a problem, but 
tip enhanced Raman spectroscopy has shown in experiments that a sharp metal probe 
can enhance the signal by a factor of 40 000 [62] and maintain a spatial resolution of 
~50nm. Furthermore, finite-difference time-domain (FDTD) modelling has suggested 
that enhancement factors of 107 or greater are possible with a resolution of ~5nm [63]. 
Not only does this offer superior resolution to other Raman techniques, but it also 
avoids the stringent substrate and sample design of surface enhanced Raman scattering 
(SERS) which still does not always result in a uniform enhancement factor across the 
sample. Not only can the energy spectrum of near-field photoluminescence be probed, 
but its temporal spectrum can also be exploited by coupling the SNOM to a time- 
correlated single photon counting (TCSPC) system [64] which can be used to probe 
exciton lifetimes.
One of the limitations of conventional SNOM and other SPM techniques is the 
image acquisition time. The need to collect pixels serially and to maintain nanometre 
scale separations between the tip and sample are the main reasons for this. Recent 
developments in scanning and feedback methods have allowed ~10ms image acquisition 
times in SNOM [65] and 1ms acquisition times for AFM [66, 67]. The SNOM 
implementation uses a PSTM-type feedback mechanism where the optical signal 
generated in the near-field is used to control the tip-sample distance, with a much faster 
response than mechanical feedback mechanisms. The scanning in the fast scan direction 
is achieved by large oscillations of a tuning fork to which the probe is attached, with 
each line in the image representing one complete cycle of the oscillation. These 
developments could allow SNOM and, more generally, SPMs to be used to monitor 
dynamic processes in biology and chemistry, or to increase the speed of SPM based 
lithographic techniques. A less invasive method of improving acquisition times on 
existing systems can be sought by the inclusion of an active resonance controller 
between the feedback and driving signal from / to the tuning fork. By lowering the 
effective Q-factor of the system, scanning times can be reduced by a factor of 4 [68].
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Lower Q-factors can also help with keeping the feedback stable, allowing sharper 
topographic images.
In the infra-red region conventional microscopies are more severely affected by 
the diffraction limit than in the visible, and SNOM techniques have also moved into this 
part of the spectrum (provided a looser definition of ‘optical’ is assumed in the SNOM 
acronym). Examples include the use of a tungsten tip either to concentrate thermal 
radiation on a sample [69] or to scatter the thermal near-field from a heated sample [70].
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2.2 Theoretical description of the near-field
2.2.1 The Bethe-Bouwkamp model of the near-field from a circular 
aperture
In the 1940s and 1950s microwave technology was relatively young and was the 
focus of intense research. Investigations into the leakage of microwave radiation from a 
small circular hole in a metallic microwave cavity are particularly relevant to near-field 
optics. The initial theoretical work by Bethe [9] correctly predicted the electromagnetic 
field far from the aperture, and corrections to his original work were made by 
Bouwkamp [10, 11] to make them valid in the near-field. The derivation of a set of 
formulae describing these near-fields was achieved using fictitious magnetic charges 
and currents to match boundary conditions on the metal sheet. The parallels with 
SNOM -  especially in the envisaged implementation of Synge -  are evident.
This model has provided a computationally affordable route to modelling the field 
patterns around the SNOM, with several examples in the literature [71-74]. It is also the 
model which has been employed in several calculations for this thesis. Here, I will 
describe the model using the formulation presented in [71] for a plane-polarised field, of 
amplitude £„ incident on an aperture of radius a in a conducting sheet in the x-y plane
2 71(Figure 4). The incident field has a wavenumber kQ = — , travels in the z-direction and
A,
is polarised in the jc-direction. The model requires that ak0 « 1 ,  as (ak0)2 terms are 
neglected. The coordinates are defined such that the centre of the aperture is at the 
origin of position coordinates R = (x,y,z)  = (r ,z ) and the sample is in the x-y plane at 
a distance zo below the aperture. Wavevectors are denoted K_ = (kx,ky,k. )  = (k , k _).
The two orthogonally polarised components of the field in the aperture 
(z=0, r2 < a 2), [Eo]x and [E0]y, are given by
Equation 8
Equation 9
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In reciprocal space these equations become:
8 ikna*E.
3k '
-  cos(ak)  /  + sin( a k ) 
a ' k
3kxk v
cos (ak) — + sin( ak)  
a~k
a 2k /  + 3k y2 + a 2kx2k y2 ^
~ari?
kxk y(^3 + a 2kx2 + a 2/:v2)>
Equation 10
Equation 11
where k - |&|. The field at a point R = (xyy , z ) below the tip in vacuum can be 
calculated by the inverse transform of the propagated components of the field:
K V(R) = ~ ~ T  \ [E0(k)exp(izKv( k ) ) e x p ( i k r ) d k xd k v Equation 12
4;r
where k v = J^k02 - k 2 .
However, in the presence of a planar sample, some of the components of the field will 
be reflected at the interface and others transmitted -  as governed by the Fresnel 
relations. The Fourier components of the field just inside the surface of a sample with 
isotropic complex refractive index, are given by
a  +
k rk ,
(*. Zo)], + 0{E,  (*. Z0)],k~ k~
(
[E,(*.Zo)L=^TL/fc.(*.Zo)L +k a  +
k 2^
k ( * . z 0)]v
Equation 13
Equation 14
Where a  =
2 k .
K. + K
*  ^  \n film  ~ A . I--------- 2 ,  2 , 2
P  = 7----------- x p — .---------- 1 and K, ~ y n fiim  *o " *
\K+KsX”fiimK+Ks)
(It should be noted that if the incident medium is not a vacuum, i.e. n -  nirlcldenl * 1, 
one can retrieve the correct formulation by interchanging the rifiim terms in the above 
n
equations with 'film
incident
)
The real-space solution to these equations can be obtained by the inverse transform of 
the propagated component in an analogous manner to that described by Equation 12. An 
example of the calculated Bethe-Bouwkamp field inside a material with refractive index 
nfiim = 1.73+0.067i is shown in Figure 8.
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There are, however, several limitations to this model and they arise from the way 
the metal screen is treated as an infinitely wide, infinitely thin and perfectly conducting 
sheet. In reality, the metal coating on SNOM probes has a thickness of the order of 100 
nm and has finite conductivity. The probe shape is typically conical rather than a wide 
planar sheet. Even within the planar sheet approximation, the model gives a slight 
underestimation of the lateral extent of the optical field. This is because real metal films 
are not infinitely conducting, and a small field can penetrate into the metal to 
approximately a skin depth rather than terminating on the aperture boundary as the 
model assumes. At 400nm, the skin depths of gold and aluminium respectively are 
33nm and 13nm [75]. The effective aperture is therefore larger than predicted by the 
model. Despite these drawbacks, this remains a computationally affordable model that 
encompasses much of the physics of the near-field problem [71-73].
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Figure 8 -  The Bethe-Bouwkamp field inside a sample with n^ m -  1.73+0.067i. The top image is a 
section through the x-z plane of the sample and the lower image shows a section through the y-z 
plane. The other parameters were a=30nm, k=325nm and zo=5nm.
2.2.2 O ther models of the near-field
2.2.2.1. Finite difference time domain method
The finite difference time domain (FDTD) method is popular for near-field 
simulations as it can be used to solve Maxwell’s equations on a mesh which is 
discretised in both space and time. It allows a variety of geometries to be specified in 
one, two or three spatial dimensions and the temporal response of the system to the 
incident field can be computed along with its response to a range of excitation
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frequencies. Furukawa et al [76] use this method to simulate linescans across a single 
feature illuminated from below and collected by an apertured probe. Milner et al [77] 
investigate field enhancement of a conical metal tip illuminated through the substrate, 
and are able to distinguish between bulk and surface plasmon modes excited in the tip 
over a range of frequencies and determine field enhancement factors at the sample 
surface -  a process that is important in both apertureless SNOM and in Raman 
microscopy. Aperture probes have been modelled with particular focus on the effect of 
the metal cladding thickness [78]. For small scale geometries FDTD is a very versatile 
and computationally affordable method, though it does become a much larger 
computational task if there are a range of length scales in the problem requiring a small 
scale mesh extending over a large volume. Far-field effects, for example, would require 
significantly more computational power.
2.2.2.2. Greens function method
Several authors have used a Green’s function approach to near-field problems in a 
method introduced by Martin [79]. In this approach the system is considered by splitting 
it into reference and scattering (sample and tip) contributions with dielectric functions er 
and es respectively. In response to an arbitrary incident field, E o ( r ) ,  the scattered field, 
E ( r ) ,  then obeys the equation:
-  V x V x E { r )  + k 2£ r (C O ) E ( r ) + k  2£s (r , C O ) E ( r )  = 0 Equation 15
The associated Green’s function, G, obeys
( - V x V x + k 2£ r (C0) +  k 2£ s ( r , C 0 ) ) G  =  1 Equation 16
The Greens function is calculated iteratively and then the scattered electric field 
can be calculated from
E ( r )  = j d E \ d ( x - k 2 G ( r , E , a ) ) ’ £ s ( r \ c o ) } - E 0 (r^)  Equation 17
This has allowed the near-field around an object in free space under different 
illumination conditions to be modelled [79]. It has also been used to investigate the role 
of imaging mode (reflection, transmission, collection) and scanning mode (constant 
height, constant gap) on the appearance of objects in SNOM images [80, 81].
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3. SNOM apparatus specific to this thesis
3.1 SNOM hardware
The SNOM used for the work in this thesis is a homebuilt system constructed by a 
former student prior to the commencement of work for this thesis. A detailed 
description of the initial construction of both the hardware and the software can be 
found elsewhere [52]. This system was designed for photoluminescence and 
photocurrent measurements on conjugated polymer blends [57] and for near-field 
lithography of conjugated polymer structures [74]. In this chapter I will briefly describe 
the system in the configuration used during the course of this work, which includes 
several modifications to the original hardware - in particular to the collection optics. 
Small modifications were also made to the software, but none of these affected the basic 
operations of the system and are not discussed here.
The SNOM operates with a fixed apertured fibre probe to illuminate the sample 
from above (Figure 9). The sample is mounted on a piezo stage (Physik Instrumente 
GmbH, Germany) beneath the probe and is scanned in the horizontal (200pm scan limit) 
and vertical (20pm scan limit) directions. Two CCD cameras enable lateral positioning 
of the sample with respect to the probe and a coarse approach of the sample to the probe 
by means of three mechanical motors.
Vibration isolation is provided by several features. The granite block beneath the 
sample stage removes high frequency vibrations. The optical components are mounted 
on a combination of posts and vertical breadboard which do not contact the sample 
stage or probe mount, except indirectly through the granite block. The whole assembly 
is suspended at the four comers by rubber tubing to isolate it from lower frequency 
vibrations (<~200Hz). The instrument is housed on an air-floated optical bench. There 
are necessary electrical connections to the sample stage and the probe. These wires 
terminate at fixed connectors on the optical bench and a second set of wires connect
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from here to the control electronics, minimising the transmission of vibrations through 
the wires.
Feedback is supplied by means of a shear-force mechanism. Shear-force feedback 
is commonly used in apertured SNOM as it ensures close proximity of the aperture to 
the sample and avoids the use of secondary laser sources to provide a feedback signal, 
which could interfere with the small near-field signals. A probe assembly providing the 
ability to dither the probe laterally is achieved by gluing the probe to a tuning fork and 
the tuning fork in turn to a bimorph [50](Figure 9 inset). The bimorph is used to excite 
oscillations in the tuning fork near to its resonant frequency. The amplitude of the 
tuning fork oscillation, as measured by the electric signal it generates across its two 
legs, is then used as the feedback parameter, since it is damped by contact with the 
surface. Contact is generally thought to be either by shear-force interaction with a water 
meniscus, which commonly exists between the tip and the sample, or by tapping of one
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Figure 9 -  Schematic of the SNOM system used during the course of this 
thesis.
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edge of the probe against the sample itself [51, 82]. Previous tests on this system point 
to the latter [52].
Two lasers were available for this work. A HeCd laser provided 325nm radiation, 
which is in the absorption range of many UV photoresists, whilst an argon ion laser 
provided a number of lines from 333.6nm to 514.5nm which span the absorption region 
of most conjugated polymers. A beam-splitter was exploited to enable both beams to be 
directed at the launching assembly simultaneously (Figure 10), allowing the possibility 
of switching between lasers rapidly without the need for re-alignment.
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Figure 10 -  Schematic of the laser launching assembly of the SNOM.
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Collection of the photoluminescence signal was achieved by the use of far-field 
collection optics. In a change to the original implementation of this system, a 
transmission mode set-up was employed when possible by mounting the collecting lens 
and a miniature photomultiplier tube (Hamamatsu R7400U-2) directly beneath the 
sample. Filters were inserted in front of the PMT to block the laser excitation signal and 
collect only the desired part of the photoluminescence spectrum. For samples on opaque 
substrates a reflection geometry was employed in the collection optics, with the PMT 
located in the alternative position indicated in Figure 9. The transmission mode was 
used whenever possible to avoid tip-shadowing effects [83]. Tip-shadowing artefacts 
occur because the necessarily thick (100 nm -  1 pm) metal coatings on the probe creates 
a wide and often quite flat base to the probe which can obscure the photoluminescence 
from detectors placed above the sample (Figure 11). This, not only reduces the overall 
signal available, but can also offset the optical image from the topographical one. In the 
worst cases, when the area immediately beneath the aperture is obscured, resolution 
may even be degraded.
Figure 11 -  Schematic of the (a) reflection and (b) transmission geometries used in this thesis for 
collection of the locally excited photoluminescence signal.
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35
3.2 Probes
A number of fibre probes are available commercially for the SNOM covering a 
range of potential applications. During the course of the work presented in this thesis, 
two types of probe were used: a double-tapered chemically etched probe from Jasco Inc. 
and a single-tapered pulled fibre probe from Nanonics Imaging Ltd1. Both use optical 
fibres with high transmission in the UV but have quite different geometries, making 
them suitable for different applications. The Jasco probe (Figure 12) was the probe of 
choice for the lithography due to its high optical throughput and its robustness, which 
allows a range of structures to be fabricated before significant damage to the aperture 
occurred. These probes are fabricated by a two stage chemical etching process [24-26] 
of a UV optical fibre, where the composition of the etching solution is altered between 
the two stages [84]. This allows the fabrication of a double taper at the end of the probe. 
Gold is deposited on the probe to a thickness of ~200nm and the aperture is formed by 
hard tapping of the probe against a flat substrate, squeezing the metal to the sides [23]. 
Single tapered probes suffer from a trade-off between creating a narrow probe with a 
small cone angle which can follow the topography very well and the low optical 
throughput of small cone angle probes caused by a long length of probe with diameter 
below cut-off. The first taper of the Jasco probe has a small cone angle to allow a long 
probe to be formed, but the second taper has a much larger cone angle (-135°) to 
minimise the length of the cut-off region. The final taper means that this probe is still 
slightly larger at the base than the Nanonics probes, but this is not a problem for 
lithography as the films used are flat to within a few nm.
The straight2 Nanonics probe [27, 28] has just a single taper and a much smaller 
cone angle, achieved by a gravity assisted heat and pull method. The metal coating 
consists of aluminium with a thin layer of chromium to improve adhesion and is 
deposited by carefully controlled shadow evaporation leaving a small uncoated area at 
the tip which forms the aperture. The slightly smaller size of this probe allows it to 
follow the topography of the surface more accurately, rendering it more suitable for 
imaging of samples with significant topography, though with a lower optical 
throughput.
1 Nanonics probes are, at the time of writing, only available for purchase by owners of Nanonics 
microscopes.
2 Nanonics also supply bent fibre probes for use with normal force feedback
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Figure 12 -  A schematic (provided by Jasco Inc.) of the Jasco high-throughput SNOM probe. A 
gold coating of ~200nm covers the whole o the taper region.
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4. Overview of conjugated polymers and their devices
The second half of the twentieth century was shaped by a revolution in electronics 
and particularly silicon technology, leading to the development of high power 
computing and a digital information based environment. Demand for continued 
improvements in this technology has made silicon the most intensely studied of all 
materials. Inorganic semiconductors in general have excellent properties for 
optoelectronics applications, but there is now an expanding range of organic materials 
being studied and more recently they have been replacing inorganic materials for certain 
electronic and opto-electronic applications.
Electroluminescence in organic materials has been known about since it was first 
observed by Bemanose when he applied a voltage across crystalline films of acridine 
orange and quinacrine [85]. Similar observations were made in 1962 in crystals of 
anthracene with tetracene impurities [86]. Despite these early discoveries surprisingly 
little research was taken up in the field over the following decades due to the low 
performance of the materials in comparison to the established and rapidly improving 
inorganic technologies. A resurgence of interest occurred in the 1970s with the 
discovery by Chiang et Al. [87] of electrical conductivity in electrochemically doped 
polyacetylene -  which has the simplest possible conjugated polymer structure (Figure 
13a). Conducting polymers such as polyaniline and poly (3,4-ethylenedioxythiophene) 
(PEDOT) blended with its dopant poly (styrene sulfonate) (PSS) are currently among 
the most successful of the conjugated polymers with applications as conductive coatings 
and electrode materials. Data on electroluminescent polymer devices was first published 
by R.H. Partridge in 1983 [88-91] using the blue-emitting non-conjugated polymer 
polyvinylcarbazole (PVK) as the active material, but once again poor performance 
meant that there was limited interest in these results or any of the others published up to 
that point.
High photoluminescence efficiencies in both small conjugated molecules and 
conjugated polymers maintained hopes of developing useful organic electroluminescent 
devices and eventually in the late 1980s organic semiconductors started attracting the 
attention of the wider scientific community. Tang et al. [92] reported a bi-layered
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Figure 13 -  Chemical structures of some common conjugated polymers: a) tr a n s -  
polyacetylene (t-PA), b) polyparaphenylene (PPP), c) poly(9,9’-dioctylfluorene-alt- 
benzothiadiazole) (F8BT), and d) poly(para-phenylene vinylene) (PPV).
organic device in 1987 which allowed electroluminescence to be achieved at much 
lower voltages with an external quantum efficiency of 1% and a power conversion 
efficiency of 0.46%. Three years later in 1990, a group in Cambridge who had already 
shown that polyacetylene could be used in both transistors and diodes [6] reported a 
polymer light emitting diode (LED) using poly(p-phenylene vinylene) (Figure 13d) as 
the active layer [5]. In 1992, on the back of this and subsequent research, the company 
Cambridge Display Technology Ltd. was established to develop polymer LEDs and 
displays. Since then, both academic and commercial research in organic electronics has 
been intense, with some of the first products using this technology now reaching the 
marketplace (Figure 14).
Despite high photoluminescence efficiencies of the raw materials the lifetime and 
robustness of polymer LEDs, transistors and photovoltaic devices is generally worse 
than their inorganic counterparts and the materials generally show lower charge 
mobility. The commercial interest is largely based around the relative ease and low cost 
of processing polymers which can be tuned to be soluble in a range of solvents 
including water. Spin-coating of polymer films from solution onto substrates yielding 
very uniform films is popular in laboratories, whilst potential industrial deposition 
techniques include inkjet printing [93-95] and screen printing [96, 97]. In addition to 
this, polymers are flexible so they can be incorporated onto flexible substrates to make 
products such as ‘electronic paper’ (Figure 14d) which can be rolled up when not in use. 
The wide energy gap (the equivalent of the inorganic band gap) combined with 
chemical tunability of the backbone and sidechains of conjugated polymers means that 
they can be tailored for emission across the whole of the visible spectrum.
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Figure 14 -  Applications of organic electronic devices: (a) large area LEDs for lighting 
(www.novaled.com), (b) widescreen OLED display (www.epson.com), (c) OLED display on the 
casing of a Philips mobile phone (www.philips.com), (d) flexible plastic displays powered by 
polymer transistors on the backplane (www.plasticlogic.com)
4.1 Optical Properties of conjugated polymers
Conjugated polymers are defined by the delocalised ;r-electrons along their 
carbon backbone which enable the rich photophysics of these materials. The carbon 
atoms on the backbone are strongly bonded by the electrons in the sp2 hybrid orbitals 
forming a  -bonds, which give the chain a rigid planar structure. There are three sp2 
hybrids per carbon atom, allowing the backbone to be formed with two of these bonds 
and the third typically bonding to a hydrogen atom, but is also available for other 
chemical groups and sidechains or to incorporate a phenyl group. Carbon has a valency 
of four and the fourth electron is in a pz orbital that lies out of the plane of the sp2 
orbitals. The pz electrons are able to delocalise in the plane above and below the 
backbone along the whole molecule in what is known as n  -bonding. The n  -bonds are 
weaker than the a  -bonds and determine the optoelectronic properties of the polymer 
rather than its physical structure.
b)
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One point to note is that the pz electron orbital is not delocalised uniformly along 
the polymer chain, due to an effect known as the Peierls’ distortion which causes the 
nominally one-dimensional metallic structures, like the carbon chain of a conjugated 
polymer, to minimise their energy by doubling the size of their unit cells. This is 
achieved by displacement of adjacent carbon atoms by a small amount in opposite 
directions as can be seen for transpolyacetylene (Figure 13a -  atomic displacement 
~0.04A [98]). This distortion or dimerisation also causes the p z electrons to be 
concentrated in alternating bonds, which is why conjugated polymers are often drawn 
with alternating single and double bonds along the backbone. The Peierls distortion also 
occurs in aromatic conjugated polymers (ones containing aromatic groups on the main 
chain), forming benzoid and quinoid bonding patterns of the aromatic rings. Unlike 
aliphatic conjugated polymers (ones with a linear chain like polyacetylene), aromatic 
conjugated polymers have a non-degenerate ground state, with the benzoid form having 
lower energy than the quinoid.
For conjugated polymers there is an energy gap between the highest occupied 
molecular (pz) orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), 
which typically lies in the visible part of the spectrum (~1.5eV to ~3.2eV). This energy 
gap is the origin of the semiconducting properties of the polymers as electrons can be 
promoted or injected into the LUMO, with the LUMO acting analogously to a 
conduction band and the HOMO like a valence band. Promotion of an electron into the 
LUMO can occur by absorption of a photon, leaving a positively charged hole in the 
HOMO. These charges are strongly bound by electrostatic forces forming an exciton 
which is confined to the polymer chain, but extending over several repeat units along 
the chain. This can be called a mixed Frenkel exciton if it exists on just one molecular 
unit or a charge transfer exciton if it exists over several units. These contrast with the 
less strongly bound Mott-Wannier excitons typically found in inorganic 
semiconductors. Typical binding energies of excitons in conjugated polymers are 
hundreds of meV, compared to 14.7meV for silicon or 4.2meV for gallium arsenide 
[99].
Exciton diffusion lengths in polymers have been estimated at ~10nm [100-102] 
before decaying either radiatively or non-radiatively or separating at a heterojunction 
(section 4.2.3). Photoexcitation forms a population of almost entirely singlet excitons, 
provided there is minimal spin-orbit coupling (the inclusion in polymers of heavy atoms
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with increased spin-orbit coupling tends to increase inter-system crossing of singlet 
excitons to triplet excitons). The exciton migration process can be described by either 
Forster [103] or Dexter [104] transfer, where the first describes singlet exciton energy 
transfer, and the latter describes triplet exciton energy transfer. Exciton transfer takes 
place as a set of incoherent hopping steps between chromophores [105, 106]. It can be 
assumed that conformational relaxation of the chain happens before the next hopping 
step, making each step independent of the migration history. This allows the transition 
rate, Icda, between donor and acceptor chromophores to be expressed as ([105]):
k = —d a  *n
Vda I (FCWD) Equation 18
Where FCWD is the Franck-Condon weighted density of states factor, which is the 
product of the density of vibrational density of states in the initial and final states and 
their spectral overlap. Vda is the electronic matrix for energy transfer and has 
Coulombic and exchange contributions. In Forster transfer Coulombic interactions 
dominate, creating a long-range mechanism directly related to the dipole strength of the 
donor and acceptor transitions. Exchange and orbital penetration are much shorter range 
processes and energy transfer where these dominate generally only occurs if the 
electronic excitations are optically forbidden and is referred to as the Dexter 
mechanism.
The response of electrons to excitations is much faster than that of the more 
massive atomic nuclei so that immediately after an electronic transition the nuclei find 
themselves displaced from equilibrium. This is the Franck-Condon principle and the 
restoring force exerted on the nuclei after the electronic transition causes them to 
vibrate. The upper inset of Figure 15 shows such a transition, which is represented by a 
vertical line (a vertical transition) due to the slow reaction of the nuclei. The most likely 
transition is the one which goes to the vibrational state directly above the equilibrium 
position of the ground state. Lateral displacement of the excited state potential 
represents the typically longer bond lengths of molecular excited states which generally 
have an anti-bonding configuration. In Figure 15 the most likely transition is from the 
ground state to the 2nd vibrational level of the excited state. This is reflected in the 
absorption spectrum where the corresponding peak is the most intense.
The excited state can relax through its vibronic levels as it transfers energy to 
adjacent segments or adjacent molecules. This typically happens on a time scale much
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Figure 15 -  Vibronic structure of the absorption and photoluminescence spectra of a typical 
conjugated polymer. Upper inset shows the energy levels in the ground and first excited (singlet) 
state.
shorter than that for spontaneous decay back to the ground state -  Kasha’s rule. For this 
reason the luminescence generally shows features relating to decay from the lowest 
vibrational level of the excited state to the various vibrational levels in the ground state 
(Figure 15).
In the simplest case, photoluminescence is between the singlet excited state and 
the ground state because the triplet excited state to ground state transition is forbidden 
by spin selection rules. However, this does not hold if there is significant spin-orbit 
coupling -  in the presence of heavy atoms, for example. In this case, a singlet exciton 
can undergo intersystem crossing as it decays through the singlet vibrational levels to 
become a triplet exciton (Figure 16). The same spin-orbit coupling allows decay from 
the triplet state back to the ground state with the associated emission known as 
phosphorescence. Phosphorescent lifetimes are much longer than fluorescence lifetimes.
43
Singlet
Radiationless 
11 decay >
•Triplet
Intersystem
crossing
(S-7-)
Singlet
Absorption
Phosphorescence
Figure 16 -  Phosphorescence mechanism in organic materials. Singlet and triplet molecular 
energy levels are shown with their vibrational levels (taken from [107]).
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4.2 Optoelectronic conjugated polymer devices
4.2.1. Polymer light-emitting diodes
The relatively early discovery of electroluminescence in conjugated polymers [5, 
88-91] provided a motivation to develop polymer light-emitting diodes (LEDs) for 
commercial use. Organic LEDs (OLEDs) are now quite commonplace on 
monochromatic LED displays such as on the exterior of some mobile phones (Figure 
14c). The cost of fabrication of such devices can be much lower than inorganic 
technologies and processing over large areas has captured the interest of lighting 
companies to develop organic solid state lighting. For OLEDs to be viable lighting 
sources, device lifetimes of many 10,000s of hours must be achieved and has been 
reached for red and green emitting polymers, whilst 10,000 hours has been reached for 
blue-emitting polymers - this is still the focus of much research. In particular, the 
presence of traces of oxygen or water in devices can cause degradation by the formation 
of carbonyl defects which break the conjugation on the polymer backbone. Full colour 
LED displays require all three pixel colours to be stable over long periods of time, or at 
least to degrade at the same rate.
The operation of a simple polymer LED device is shown schematically in Figure 
17. Electrons and holes must first be injected into the device from the cathode and 
anode respectively (Figure 17(1)). One of these, typically the cathode, must be 
transparent to allow light to escape from the LED. Indium tin oxide (ITO) is the most 
commonly used cathode material, though hole injection is often improved by oxygen 
plasma treatment of the ITO [108], an additional layer of PEDOT:PSS which has a high 
work function [109], or by inclusion of self-assembled monolayers of polar molecules 
on the ITO [110]. The injected carriers cause a distortion over several repeat units of the 
polymer chain and because of this electron phonon coupling are known as polarons. The 
polarons must then migrate through the device under the applied electric field (Figure 
17(2)) until they meet a polaron of opposite charge. At this point, the two polarons may 
form a bound exciton under the electrostatic force between them (Figure 17(3)). The 
exciton may then decay either radiatively (Figure 17(4)) or non-radiatively. Commonly 
used polymer LED device parameters are marked in Figure 17: the HOMO-LUMO 
energy gap (Eg), the anode and cathode workfunctions ( O a and d>c respectively:
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Figure 17 -  The energy level diagram of a biased single layer polymer LED device showing (1) 
charge injection, (2) charge migration, (3) charge capture, and (4) electron-hole recombination to 
give electroluminescence.
d>A>d>c), the ionisation potential of an electron in the HOMO (IP), and the electron 
affinity of the LUMO (EA). Derived quantities include the electron and hole injection 
barriers AEe = <!>c -  EA and AEh = IP-<&A respectively.
The efficiency of a polymer LED is determined by several factors which can be 
used in combination to estimate the internal or external quantum efficiency1 of a device.
V m  = K ,< 1  Equation 19
n ex, = yrst q  r)coupling Equation 20
Where y  represents the probability of exciton formation for charge injection, rst 
represents the proportion of singlet to triplet excitons formed and q is the proportion of 
singlet excitons that decay radiatively. rst would be limited to 25% if the singlet to 
triplet formation ratio was 1:3. The qcoupling factor in the external quantum efficiency 
represents the proportion of photons produced that escape the device. Coupling photons 
out from a device requires at least one transparent electrode, but can be enhanced by 
topographical patterning to frustrate light guiding inside the device [111, 112]. In the 
presence of heavy atoms, the above equations would need to be modified to account for
phosphorescent emission and intersystem crossing. Therefore, achieving high
1 ‘Internal’ quantum efficiency refers to the number of photons produced inside the device for every 
electron injected, whilst ‘external’ quantum efficiency refers to the number of photons detected outside 
the device per injected electron.
46
efficiencies largely depends on achieving charge balance in the device to maximise y, 
maximising the singlet to triplet ratio and the inclusion of phosphorescent emitters.
4.2.2. Photovoltaics
Polymer solar cells have attracted interest because of the low cost of fabrication of 
large area devices, which is an important consideration in energy production, but they 
suffer from low power conversion efficiencies when compared to their inorganic 
counterparts. Perhaps the earliest example of an organic device that reached viable 
efficiencies was produced by Tang et al. in 1986 [113] and achieved a power conversion 
efficiency of -1%  in a bilayer device. For polymer cells [7], efficiencies were generally 
lower until results were presented in 2001 of a polymer cell with a power conversion 
efficiency of 2.5% [8]. It is thought that when combined with low manufacturing costs, 
even these low efficiency devices might allow polymer solar cells to take a portion of 
the solar energy market.
At the most basic level, solar cells operate in the reverse mode of an LED. Firstly 
an incident photon must excite an electron from the HOMO across the polymer’s energy 
gap (Figure 18(1)) to form a bound exciton (Figure 18(2)). This exciton must be split 
under the influence of an electric field and the positively and negatively charged 
polarons transported to the anode and cathode respectively (Figure 18(3-4)). The 
migration of charges to the electrodes is by a combination of drift in the electric field 
and diffusion from areas of high charge concentration. By comparison to inorganic 
materials, exciton binding energies are much higher in conjugated polymers and a large 
internal field is often required to effectively split the charges. For this reason, polymer 
photovoltaic devices are almost always bilayer or blended devices of more than one 
polymer so that the exciton can be separated by the built in field caused by the energy 
level offset between the two components.
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Figure 18 -  A schematic of a single layer photovoltaic device operating under short circuit
In photovoltaics and also in polymer LEDs, heterojunctions between two different 
polymers can allow large improvements in device performance. There are a number of 
reasons for this. The use of two materials with different energy levels in organic LEDs 
allows, for example, an extra parameter to optimise charge injection. The electron 
injection barrier at the cathode for the single material device depicted in Figure 17 is the 
difference between the workfunction of the electrode and the electron affinity of the 
active material O r - E A .  Similarly, the hole injection barrier at the anode is the 
difference between the anode work function and the ionisation potential of the material 
<&A- I P .  By using two materials, both of these barriers can be minimised 
simultaneously, which is difficult to achieve by changing the electrode materials alone - 
especially since the anode is limited to transparent materials and low work function 
materials for the cathode such as calcium can be very reactive.
In photovoltaic devices, a type II heterojunction between the two materials can be 
used to split excitons in a donor-acceptor manner. In general, charge separation is 
favourable if IPD - E A a -  Uc < 0  [114] (labelling of Figure 17 where the subscripts A
and D denote donor and acceptor, and Uc is the Coulombic binding energy of the 
exciton). A heterojunction to facilitate charge separation is all the more important in
conditions.
4.2.3. Bilaver and blended devices
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organic photovoltaic devices as such a large exciton binding energy must be overcome. 
In a bilayer device, the electron acceptor is positioned near the cathode and the donor 
near the anode, to ensure efficient removal of the generated charge from the 
heterojunction area. Typical electron donors include evaporated C6o layers [101] and 
perylene [100], whilst PPV and its derivatives are very common acceptor materials 
[100, 101, 115]. The limitation of bilayer photovoltaic devices is that only those 
excitons formed within approximately one diffusion length (~10nm) of the 
heterojunction can be split by it.
Bilayer LEDs with optimised charge injection barriers can be designed to improve 
the balance of electrons and holes in the device -  a parameter that can limit efficiency. 
The heterojunction also provides a barrier preventing holes from entering the electron 
transporting layer and electrons entering the hole transporting layer. In an unbalanced 
device, this can cause a build up of charge in one layer which in turn increases the field 
in the other layer and acts to redress the balance of carriers. Movement of the 
recombination zone away from the electrodes can also reduce the non-radiative decay 
rate of singlet excitons.
LUMO
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Figure 19 - A schematic of a bilayer polymer solar cell operating under short circuit conditions.
The limited exciton diffusion length in polymers has meant that much greater 
success has been achieved using a bulk heterojunction approach [116, 117]. This is done 
by blending the two materials in a common solvent before deposition. In the case of 
photovoltaics, this means that the photo-generated excitons do not have far to diffuse to 
the heterojunction, and efficient photoluminescence quenching in some blends has
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indicated that almost all excitons can be split by a bulk heterojunction [118]. 
Conversely, blended devices have increased probability of charge recombination over 
bilayer devices, where the positive and negative carriers are isolated from one another 
after splitting at the well defined heterojunction. A balance must be found between 
efficient splitting and minimal recombination, and consequently the efficiency of bulk 
heterojunctions is very sensitive to the degree and length scale of phase separation that 
occurs in the blend. The best performing blends typically show phase separation over 
<~20nm, whilst phase separation can occur over micron length scales. The length scale 
of phase-separation can depend on, for example, the solvent used for deposition and 
subsequent thermal treatments (including heating during device operation). The 
composition of each of the phases in the blend is never pure and is very much 
dependent on the interspecies interactions and their degrees of polymerisation. This has 
been formalised by the work of Flory and Huggins, who calculated the free energy of 
mixing, Fmix, for a two polymer solution:
Fm7vkT  = 7 T  ln^ A*+ ^  * + I & 'P b Equation 21
A ™ B
Where &A and 0 b are the volume fractions of polymers A and B respectively and NA and 
Nb are the degrees of polymerisation of each component. % is a parameter accounting for 
the interactions between the monomer species and is usually positive, V is the overall 
volume and T is its temperature. Crucially, the two entropic terms, which favour 
mixing, are inversely proportional to the degree of polymerisation. Therefore, polymer 
blends in general will phase separate to some extent, with longer chain polymers doing 
so to a greater degree.
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5. Scanning near-field optical lithography (SNOL) of conjugated polymers
5.1 Introduction to scanning near-field optical lithography (SNOL)
It was not long after a fully operational SNOM was first reported that its power 
as a lithographic tool was also demonstrated [119]. This power, as for imaging, lies in 
its superior resolution over far-field optical techniques. Both apertured and apertureless 
methods have been used for lithography with good results, though with some subtle 
differences between the results of the two methods which will be discussed. Resolutions 
achieved in imaging have not generally been matched in lithography, but there are many 
examples of scanning near-field optical lithography (SNOL) with resolutions both 
beyond the diffraction limit and of better than 100 nm. The highest resolutions at the 
time of writing are lOnm [46] and 20nm [120]. With improvements in near-field probe 
technology and by exploring novel photosensitive materials, resolutions are expected to 
improve further over the coming years. With the latest generation of 65nm silicon 
process technology in commercial production and 45nm technology around the comer, 
the demand for sub-optical wavelength resolution lithography is huge -  be it in 
production or in prototyping techniques. Developments in contact photomask 
lithography mean that it can now be pushed beyond the diffraction limit [121, 122]. In 
this chapter I will introduce some of the principles of SNOL, and a number of examples 
presented in the literature, before presenting my results relating to lithography of 
conjugated polymers.
As one might expect, some of the first applications of SNOL were on 
commercial photoresists. This highlights the potential for using the SNOM as a 
replacement for far-field photolithography in prototyping of semiconductor devices. 
One such example is the negative photoresist, SU-8, used by Yin and co-workers [123] 
in their two-photon SNOL study. Other SNOL examples include patterned 
photobleaching of a cyanine dye film [124], in situ polymerisation of thin films [125] 
and topographical patterning of azobenzene materials [126], to take just a few of the 
examples.
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It is also possible to do SNOL with an adapted scanning tunnelling microscope 
(STM). This works much the same as apertureless SNOM since the STM probe is a 
sharp metal tip and light can be focussed onto this tip in the far-field, with the resolution 
originating from field enhancement around the tip. The difference is in the control of the 
tip-surface distance, which is done using tunnelling current as a feedback parameter for 
STM. This technique has been applied very successfully [46], though it also goes by the 
name FOLANT (FOcussing of LAser radiation in the Near-field of a Tip). The authors 
succeed in fabricating lOnm channels in a gold surface. This is the highest resolution 
reported in any near-field optical lithography technique.
5.1.1. Achievable resolution of SNOL
Since the SNOM was first proposed, achieving superior resolution has been the 
driving force behind its development. As a result many theoretical and experimental 
studies have been conducted to investigate the maximum achievable resolution of the 
SNOM, both in the field of imaging and the field of lithography. Lithography has 
formed an integral part of these studies as the structures formed by lithography provide 
hard and measurable evidence for the shape and extent of the field around the tip. One 
such theoretical study of the resolution achievable in thin film lithography is detailed in 
section 5.3.2.
It is, of course, not only the field pattern from the probe that determines the 
resolution of the lithography. There are many other factors to be considered that may 
depend on material properties or development procedure of the exposed areas of the
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Figure 20 - The stable trans form of the azobenzene group (a) can be switched to the metastable cis 
form (b) by absorption of a photon. The reverse process is thermally activated, resulting in a 
complete trans-cis-trans isomerisation cycle and molecular motion.
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film. In one example [120], the resolution of the photolithographic features are smaller 
than the aperture size of the probe. The smallest features drawn were only 20 nm in 
diameter compared to a 50 nm aperture. Clearly there is an additional effect that needs 
explanation. The photosensitive film in this case was a self-assembled monolayer of 
alkanethiol on gold. It was surface plasmon field enhancement by the grains of gold on 
the surface that the authors attributed to the enhanced resolution. They found that for 
small grains, the resolution of the lithography is highest. For an epitaxially grown film, 
where the grain size was large, the resolution was slightly larger than the aperture size, 
as would be expected in the normal case.
Not all examples of near-field photolithography involve a photochemical 
alteration of the surface material. A well documented example is found in the 
azobenzene class of materials [126, 127]. The azobenzene group on these materials 
(some of which are polymeric) can exist in one of two isomeric states (Figure 20). The 
cis and the trans states are distinguished by the twist on the azo group. The stable state 
of the azobenzene group is in the trans-isomeric configuration. Photoisomerisation and 
thermal isomerisation can both induce a change to the cis configuration. The cis 
configuration itself is metastable and the transition back to the trans state is thermally 
activated. Absorption of a photon leads to a complete trans-cis-trans isomerisation 
cycle, leaving the final surface chemically and isomerically identical to the initial 
surface. However, the trans-cis-trans isomerisation is well known to induce molecular 
motion in these materials. The exact mechanism for this motion is still being debated, 
not least because there are a number of different molecules available that include the 
azobenzene group. However, the result of the molecular motion is evident in changes to 
the topography of azobenzene surfaces. There are now several examples of near-field 
lithography of this type [126, 128-132].
Many SNOM systems use shear force as the feedback mechanism. It allows 
close contact (typically 5-10nm) between the probe and the surface, which is vital for 
exploiting the near-field. The dither of the lateral probe movement required for this 
feedback can been connected to a loss of resolution [133] or change in feature shape 
[134] in some cases. In the latter study, the authors used an acousto-optical modulator to 
switch on the laser power during certain parts of the dither cycle only. When the laser is 
on only around the extremity of the dither motion (furthest from the centre of the 
oscillation), the lithographic features are highly asymmetric. This is due to the changing
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direction of the tip combined with the high exposure near the position of zero velocity. 
Features produced by illumination near the centre of the dither motion were highly 
symmetric.
One exciting extension to the regular apertureless SNOM technique is to use the 
high intensity fields around the tip to generate two-photon absorption in the material 
below it. Two photon lithography has been used extensively to fabricate sub­
wavelength structures using a far-field configuration [135, 136]. In the near-field, two- 
photon lithography was demonstrated by Yin and co-workers [123] on the commercial 
negative photoresist SU-8 . A 50% improvement on far-field two-photon resolution was 
demonstrated, though at the expense of the ability to structure in the third dimension. 
Two-photon processes are especially interesting in relation to conjugated polymers, 
since a strong two-photon absorption has been observed in conjugated polymers 
including poly(p-phenylenevinylene) (PPV) and poly(phenyl-p-phenylenevinylene) 
(PPPV) [137].
5.1.2. Aspect ratio of structures produced by SNOL
Getting high aspect ratio features by SNOL is a challenge. This is because of the rapid 
decay of the near-field as the distance from the tip increases. The field also broadens 
rapidly as the distance from the tip is increased [71]. While the resolution of the optical 
field at the surface of a film may be high, the resolution at the base of the film may be 
much worse. This is certainly an area in which SNOL does not perform as well as some 
other techniques such as the two-photon far-field lithography, which can be used to 
create fully three-dimensional structures of arbitrary height without loss of lateral 
resolution. Creating high structures by SNOL will result in a loss in lateral resolution. 
The SNOM is a surface probing instrument and will never achieve high resolutions deep 
into samples. The best results, therefore, are often obtained on thin films or where 
exposure to large depths in the sample is minimised.
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5.1.3. Apertured vs. Apertureless SNOL
The structure of features formed by SNOL depends very strongly on the probe 
used. In particular, there is a distinct difference between those structures produced by 
apertureless lithography and those produced by apertured. Apertureless SNOL has been 
demonstrated to a higher resolution than apertured techniques, but it can suffer from the 
fact that a large area of the surface is exposed in the far-field - albeit at a reduced 
intensity to the area directly beneath the tip. In some cases [43, 138], a complete far- 
field interference pattern surrounding each central, near-field feature can be observed in 
the resulting film structure and this far-field pattern can be shown to originate from 
diffraction around the tip [43]. The prominence of the near-field compared to far-field 
features can be optimised by maximising the field enhancement under the probe. Firstly, 
this can be done by ensuring the incident field is p-polarised - that is with the field 
parallel to the tip axis. It is this component that can cause significant surface charge 
density to accumulate at the apex of the tip upon illumination and consequently enhance 
the optical field in the vicinity. Secondly, the radius of curvature of the tip needs to be 
minimised. Finite difference time domain (FDTD) modelling [43] has shown 
enhancement under a 20nm radius of curvature platinum tip at 532nm irradiation, but 
neither enhancement nor localisation for an 80nm radius of curvature tip -  and is 
verified by experiment. In the same paper, reflection mode and total internal reflection 
mode illumination are compared. It is noted, by FDTD and experiment, that the 
interference fringes are much reduced in the total internal reflection case. However, it 
still remains the case that for long scans in apertureless SNOL prolonged exposure to 
far-field illumination may convert or photodegrade the material being patterned.
A very similar experimental study is reported for apertured SNOL [128]. The 
study first looks at the topography on the film after exposure through an uncoated 
tapered optical fibre. The feature produced consists of a central peak surrounded by a 
far-field interference pattern that is caused by light leakage from the taper before the tip 
of the probe. Repeating the experiment with a metalised probe with a sub-wavelength 
aperture led to the disappearance of the far-field fringes and hence isolation of the 
central sub-wavelength feature. In this sense, apertured SNOL lends itself more 
naturally to creating ‘clean’ lithographic features.
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5.1.4. Patterning of functional materials by SNOL
One application of near-field lithography that has attracted attention is data 
storage. The storage density of magneto-optical drives is limited by diffraction, but the 
high resolution of near-field techniques has led to demonstrations of magneto-optical 
data storage densities of 8 Gb/cm2 [130] and 7 Gb/cm2 [119]. Scanning probes have the 
disadvantage of being low-throughput due to the serial nature of the technique, but 
recent examples of arrays of probes for thermomechanical patterning [139, 140] have 
attracted commercial interest. Near-field reading of the bits is also demonstrated. In 
[119], the probe is used to heat a small region of a multilayer Co/Pt film to just above 
the Curie temperature of the material (~300 °C). This allows the formation of a domain 
with magnetisation direction opposite to that of the surrounding medium. The optical 
readback reveals domains down to 60nm in diameter. Interestingly, this resolution is 
better than the probe diameter (~250nm in this case). The authors hypothesise that this 
may either be due to the domains being written near to the writing threshold or because 
one part of the probe is closer to the film than the rest.
Near-field lithography of azo-benzene containing materials has already been 
mentioned, but in one of these examples [131] a complete write / read / erase cycle is 
presented. The write was performed optically by illumination at 325nm (and for 
comparison at 488nm). The read is by examining the topography with the same probe -  
the change in topography having been induced by the trans-cis-trans isomerisation cycle 
of the azobenzene. The erase is achieved by heating the substrate above the ‘clearing 
temperature’ of 353K. Writing is shown at a density of 0.4 Gb/cm2. Unfortunately, for 
this material the write times are of the order of 1 second, and the erase time is reported 
at 72 hours. However, it remains a good proof of principle and the authors highlight the 
potential to exploit the birefringence properties of the material to create a purely optical 
readback.
A further example [141] uses a commercial Compact Disc-Recordable (CD-R) 
as the writing surface. The reflective gold surface and the protective resin coating of the 
writing layer were removed from the CD-R structure, to allow the SNOM to contact the 
writing surface -  a cyanine dye. Features in this example were written at resolutions 
down to 40nm and detection was topographic, though imaging by the SNOM would
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also be an option. The authors then suggest a separation of 5nm between features would 
lead to a data storage density of 400 times that of the commercial CD-R.
There still remain sizeable problems with exploiting the near-field in magneto- 
optic data storage. Firstly, the write times remain very slow. In [119] the write speed is 
10kbps. It may well be possible to optimise this set-up using video rate SNOM 
technology for example [65], but multiple writing heads are likely to be required - 
making the exercise more challenging [142]. Materials must also be chosen carefully to 
minimise the necessary exposure times. Maintaining the condition of the probe is also a 
major challenge. There are two major sources of probe damage. Firstly, this may happen 
through contact with the film surface during scanning. To exploit the high resolution 
capabilities of the technique, a feedback mechanism must be used to keep the probe to 
within lOnm or so from the surface. Trying to do this at high speeds will likely result in 
mechanical contact between the probe and the surface. Secondly, damage can be caused 
by expansion and contraction of the metal coating on fibre probes as it heats and cools 
during successive on-off cycles of the laser. It is also worth mentioning another type of 
data storage that has recently attracted much attention - that is luminescent data storage. 
Most of the attention in this field has focussed on multi-photon luminescent data storage 
because of its ability to write and read from three dimensions of the storage medium 
[135, 136], and because of the ease of reaching higher data rates, but a SNOM-based 
alternative would also be possible.
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5.2 Scanning near-field optical lithography of conjugated polymers
5.2.1. SNOL of polv(p-phenvlene vinvlene)
Poly (p-phenylene vinylene) or PPV has been one of the most studied of the 
conjugated polymers after it was used in some of the earliest polymer LEDs [5]. PPV 
has been also been used as the cavity material in polymer lasers [143], as one 
component of a blended solar cell device [117] and it can be incorporated in thin film 
transistors. It is a green-emitting polymer (t -tt* energy gap of ~2.5eV) with a phenyl 
group in the conjugated back-bone (Figure 21). PPV itself is insoluble and, as with 
many conjugated polymers, this is attributed to its inflexible ‘rigid rod’ backbone. To 
overcome this processing problem it is generally used either with soluble side-groups 
attached to the insoluble PPV backbone (such as in the case of MEH PPV), or as a 
soluble precursor polymer that can be converted to PPV after deposition. In this section, 
I use the precursor route with a tetrahydrothiophene precursor (Sigma Aldrich). The 
work here on SNOL of PPV builds on results obtained in Cambridge and UCL on the 
same system [74, 144-146]. This previous work indicates that fabrication of a 2D 
photonic crystal in PPV could be possible by SNOL [146].
The thermal conversion route to PPV is shown in Figure 21. This is the standard 
conversion route. Once the precursor has been deposited, the bulk thermal conversion 
route does not allow for any further patterning. It would be very useful to exploit 
existing photolithography technology and near-field techniques to pattern films of PPV. 
Fortunately, there is also an optical path to patterning the PPV. This is done here by UV
C l* ^
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Figure 21 - Thermal conversion of the precursor polymer, poly(p-xylene tetrahydrothiophenium 
chloride), to fully conjugated PPV. Heating is done in a vacuum of at least 10'3 mbar. The by­
products are hydrochloric acid and tetrahydrothiphene.
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exposure through the SNOM (325nm) to locally insolubilise the precursor. This is not a 
complete conversion of all the material to fully conjugated PPV, rather a partial 
conversion of just enough of the precursor to render the feature insoluble. It has not 
been fully determined what the chemical process is, but evidence points to the 
elimination of some of the tetrahydrothiophene groups [147] in an analogous manner to 
thermal conversion. For a complete conversion to a fully-conjugated polymer, a 
subsequent heating step is also required. This is done in a vacuum oven (~10'3 mbar) at 
220°C for ~5 hours. The thermal conversion temperature was selected on the basis of 
published work into the effect of conversion temperature on the photoluminescence 
efficiency of the resulting PPV [148]. This shows that although a temperature of 170°C 
is enough for the conversion, going to much higher temperatures reduces the efficiency 
either by crystallisation or by the formation of oxygen impurities. It has already been 
shown that the photoluminescence efficiency (number of photons absorbed compared 
to the number re-emitted) of PPV produced by this optical route is comparable to PPV 
produced by the thermal route (25% +/- 3% compared with 30% for thermally 
converted PPV [52]). Attempts to do a purely optical conversion would lead to a 
polymer with poor photo luminescence and electroluminescence properties, probably 
due to the formation of carbonyl groups as a result of the presence of oxygen and water. 
These groups break the conjugation on the polymer chain. A hybrid technique of 
exposing a warm precursor sample (~120°C) to UV light has also been proposed, 
yielding efficient PPV [149].
Figure 22 and Figure 34 are two examples of SNOL of PPV. Figure 22 shows a 
typical pattern of PPV dots written on a square lattice of 1.2pm. These dots are mostly 
250-300nm wide (measured as a full-width half-maximum), though they can vary 
slightly in height and shape. The height variation is unlikely to be due to variations in 
the thickness of the precursor film as spin-cast polymer films from solution tend to 
exhibit smoothness to just a few nm. It is more likely to originate from factors such as 
the exact probe-sample distance or from the development steps. There is a proposed 
model for the formation of these lithographic features (Figure 23) whereby the centre of 
the optimally irradiated dot is fully insolubilised but an area around the dot is only 
partially insolubilised due to the rapidly decaying field profile around the aperture [74]. 
After rinsing in methanol, an extensive gel phase of unconverted precursor held in a 
matrix of insolubilised chains may exist around the core, which may contract during the
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thermal conversion process. This may account for the higher region surrounding the 
core of the features in Figure 22, and also the small irregularity of the height and shape 
between features. One of the central dots has a width (FWHM) of just 140nm. Further 
factors concerning the maximum resolution achievable by SNOL will be discussed in 
section 5.3.
Figure 22 -  AFM image (left) of structures written in PPV with a 50ms exposure time at 325nm. 
~3mW of laser power was directed into the fibre launcher. Most of the dots had a FWHM of 250- 
300nm. The one marked on the linesection (right) was a higher resolution than the rest, with a 
FWHM of 140nm. The probe used was a Nanonics pulled fibre probe coated in Cr/Al with a 50nm 
aperture.
partially soluble -  gel phase
completely insoluble
fully soluble
g la ss g la ss
Figure 23 -  Model for the near-field lithographic process in PPV. An insoluble core is surrounded 
by a gel phase. The left-hand diagram indicates the model for a feature where the insoluble core 
reaches the substrate. The right-hand image is the case where only the proposed gel phase touches 
the substrate.
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5.2.2. SNOL of r-F8Qx and r-BTOx
Here, I demonstrate the SNOL technique on two new cross-linkable polymers 
synthesised by J. Morgado12 and A. Charas2 in Lisbon, Portugal [150]. These two 
polymers, known as poly{2,7-(9,9-dioctylfluorene-alt-benzothiadiazole)-co-l,4-(2,5- 
bis-(methyl-4’-(6-(3-methyloxetan-3-yl)methoxy)hexyloxy)benzene)} (BTOx) and 
poly {2,7-(9,9-dioctylfluorene)-co-1,4-(2,5-bis-(methyl-4’-(6-(3-methyloxetan- 
3-yl)methoxy)hexyloxy)benzene)} (F80x), are shown in Figure 24. Both are based 
upon the more common F8 and BT units, which together as a copolymer form the 
widely used green-emitting polymer F8BT. The oxetane sidegroups on these polymers 
are included to allow cross-linking across bridges between the polymer chains forming 
an insoluble reticulated polymer network. The route to insolubility is very different to 
that with the PPV precursor. Firstly, because it relies on cross-linking to achieve 
insolubility. Secondly, because the precursor is itself fully conjugated so no chemical 
changes occur on the polymer backbone during the process. Cross-linking can be 
achieved thermally, and this is a very useful method for the fabrication of multilayer 
structures in polymer LEDs. However, optically cross-linkable materials have been 
attracting some attention for their use in pixelated devices produced by optical 
patterning through a photomask. Cross-linking of the oxetane groups on these polymers 
can be photoactivated in the presence of a photoacid. The photoacid chosen for this is 
{4-[(2-hydroxytetradecyl)oxyl]-phenyl}phenyliodonium hexafluorantimonate, which is 
blended with the polymers before deposition.
1 Dep. De Eng. Quimica e Bioldgica, Instituto Superior Tecnico, Av. Rovisco Pais 1, P-1049-001 Lisboa, 
Portugal
2 Instituto de Telecomunica^oes, Instituto Superior Tecnico, Av. Rovisco Pais 1, P-1049-001 Lisboa, 
Portugal
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Figure 24 -  (Top) Conversion procedure of the precursor BTOx to the reticulated polymer r- 
BTOx. (Bottom) Conversion procedure of the precursor F80x to the reticulated polymer r- 
F80x.
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The optical absorption of the photoacid is shown in Figure 25. The SNOL was 
done with the shortest wavelength laser available (HeCd, 325nm). It can be seen that 
325nm is only at the very tail end of the photoacid absorption spectrum. Despite this 
non-optimum configuration it was possible to use quite low laser powers (<lmW) and 
exposure times (clOms) to do the lithography. This was with proportions of photoacid 
relative to polymer of 10% (BTOx) or 1% (F80x) (by weight). Using a laser better- 
tuned to the absorption of the photoacid may allow even shorter exposure times. The 
wash-off step was done in tetrahydrofuran (THF) -  the same solvent as was used for 
depositing the pre-cursors. Despite initial suggestions of a gentle heating step prior to 
wash-off to fully insolubilise the exposed regions, this was found to be unnecessary as 
the optically produced features remained attached to the substrate during the 
development steps. The final heating step drives off the remaining solvent and ensures 
complete cross-linking of the network.
Photoinitiator
F80X
BTOX
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Figure 25 -  Absorption of the precursor polymers F80x and BTOx plotted with the absorption of 
the photoinitiator. It can be seen that the tail of the photoinitiator absorption just overlaps with the 
laser wavelength of 325nm.
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Figure 26 -  (Left) Lithographic pattern drawn in r-BTOx. The height of the dots is ~200nm. They 
were exposed for 100ms each through a 60nm aperture with -O.lmW of laser power (325nm) 
launched into the fibre. The image on the right is a 3D visualization of the same area.
Examples of the lithography are shown in Figure 26 (r-BTOx) and Figure 27 (r- 
F80x). These periodic structures are much the same as the ones that have been 
presented in PPV. The large size of the structures (550nm FWHM) in Figure 26 is in 
fact due to their large height (~200nm). In essence, all structures must be exposed to the 
base of the film -  but the field from the SNOM probe decays rapidly as it passes 
through the material, making the intensity at the base of the film comparable to that at 
the surface at a large lateral distance from the aperture. The features presented in Figure 
27, are also quite large, and in this case the loss of resolution is most likely due to a 
combination of the film thickness and over-exposure of the film (in region (a) 
especially).
The overexposure of many of the features in Figure 27 is evident from the three 
linesections through this image which are shown in Figure 28. The features in region (a) 
are about 200nm high and are clearly not isolated from one another. They are heavily 
over exposed. The features in region (a) are about 60nm higher than those in region (b), 
which are almost isolated. The decrease in height with exposure time is probably due to 
a lower conversion percentage of the polymer in the feature, allowing some of it to be 
removed in the rinsing step. The features in region (c) are only 20-30nm high and are 
not well-adhered to the substrate -  in places they have clearly shifted from their 
intended positions. This is due to a severe under exposure of the polymer near the base 
of the film. The optimum exposure time for this film thickness and laser power would
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Figure 27 Lithographic features drawn in r-F80x (left). The height of the dots is (a) 
~200nm, (b) ~140nm and (c) ~20nm. Exposure was through a 70nm aperture with ~5mW 
of laser power for (a) 200ms, (b) 50ms, and (c) 10ms. 3D representation of the same image 
is shown on the right
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Figure 28 -  Cross-sections through regions a (200ms exposure), b (50ms exposure) and c (10ms exposure) 
from Figure 27.
lie somewhere between 50ms and 200ms, and the minimum lattice parameter for 
isolated features is slightly greater than the ~1.3pm used here.
As these two materials can be blended in the same solvents, and they have the 
same cross-linkable side-groups, it is also possible to make cross-linked blended films 
or to do SNOL on a blended film. An AFM image of a blended and cross-linked film of
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r-BTOx and r-F80x is shown in Figure 29. The film was rinsed in THF after optical 
cross-linking, confirming that the material imaged was fully insolubilised. The image 
shows signs of phase-separation in ring shapes, which are typical in conjugated polymer 
blends [151]. Blends are very important in conjugated polymer devices since the 
difference in energy levels between two polymers can be used as a bulk heterojunction 
to induce either charge splitting in LEDs or to aid carrier recombination in 
photovoltaics. Optical lithography of these blends would allow the bulk heterojunction 
to be preserved whilst patterning the film. To this point these materials have only been 
combined in layered device structures [150], but the potential for optical patterning of 
blended polymers exists with this combination.
8 0 . 0  nm
4 0 . 0  nm
0 . 0  nm
0 10.0  20.0
pm
Figure 29 -  AFM image of a far-field optically cross-linked 1:1 blend of r-BTOx and r-F80x on a 
fused silica substrate. The conversion was done at 325nm and was competed by gently heating the 
sample to 100°C for 5 minutes in the dark.
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5.3 Modelling the Resolution of SNOL
5.3.1 Model of a lithographic point
To model the limits of the resolution of near-field lithography two separate input 
models are required: a model for the near-field intensity around the probe and a model 
for the factors defining the minimum feature size. The model for the near-field intensity 
can be the Bethe-Bouwkamp model (Section 2.2.1) which has been used to describe the 
distribution of the field inside a sample [152]. In Section 5.3.2 I will extend previous 
implementations to include internal reflections inside thin films and consider the role of 
the substrate material. Defining the minimum feature size is quite difficult as there are 
several steps to the lithography process. In the exposure step, one would expect the 
amount of cross-linking (or other chemical process) to be proportional to the intensity of 
the near-field as this is a one photon process. Clearly regions at the top of the film near 
the probe will receive maximum dose, whilst significantly less dose is received at the 
base of the film or far from the probe. In the rinsing step that removes the unexposed 
material, one would expect severely underexposed features to be washed off as they 
would have little conversion at the base of the film where they should be anchored to 
the substrate. Features which have been exposed to the necessary level should remain 
anchored to the substrate, but will have large lateral dimensions if they are overexposed. 
The minimum size features are those which receive a critical exposure dose at the base 
of the film allowing them to remain anchored to the substrate and in the correct 
position. Therefore, in the modelling, process the method described in [74] was 
followed, where a critical insoluble core to the lithographic feature is defined by the 
contour of constant intensity that just touched the base of the film.
The width of this critical insoluble core provides a good point of comparison 
when varying the parameters of the lithography such as film thickness, aperture size and 
distance from the sample, substrate material and sample material. It should not be 
overstated as a predication of the final feature size for several reasons. The critical 
insoluble core model does not imply 100% conversion within the core, so does not 
predict how much material inside the core is actually retained during the rinsing step. 
Equally it does not account either for small amounts of material outside the core which
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is insolubilised or polymer chains which are anchored to the core but extend outside of 
it. It has also been proposed [74] that a gel-like phase exists around the core comprising 
of soluble material held in an insoluble or cross-linked network (Figure 23). 
Furthermore, mass-transport down a concentration gradient may allow some insoluble 
material to migrate into the insoluble core in the time between exposure and rinsing. 
The case of PPV is further complicated by the fact that the features shrink by about 50% 
during the final baking step [146] due to elimination of the tetrahydrothiophene groups 
and perhaps by molecular re-arrangement. Further analysis of published features 
produced by SNOM lithography [146] reveals that shrinking of the features during 
thermal conversion is mostly in the lateral dimension rather than the vertical one. 
However, examination of the critical core diameter remains a good way of predicting 
trends in the resolution.
5.3.2 Role of substrate reflections in near-field lithography of thin
films
It has now been shown that near-field imaging and lithography with the scanning 
near-field optical microscope (SNOM), joined by state of the art photomask lithography 
[121], allow resolutions beyond the diffraction limit to be achieved routinely. 
Commonly, and notably in the case of photolithography, the sample involves a thin 
layer of one material deposited on a substrate of a different material. Whilst the SNOM, 
in its various geometries, has been the subject of much modeling [78, 80, 153], there has 
not yet been a systematic study of the role of reflections from the substrate when 
imaging or patterning thin films in the near-field. Using the previously discussed Bethe- 
Bouwkamp model of the near-field, the role of reflections from the substrate in near­
field lithography is assessed in this section and their effect on the minimum achievable 
resolution. It is found that reflections from certain substrates do indeed play a very 
important role and can in certain cases degrade the resolution by 50% or more - 
highlighting the importance of considering the refractive indices of both the film and 
substrate materials when looking to achieve the highest near-field resolutions. The 
degrading effect of these reflections on lithographic resolution has been recognised in 
far-field lithography for semiconductor manufacturing, where anti-reflection coatings 
are often used, but it still remains to be seen how significant the effect of these 
reflections becomes as we move to the near-field regime. In particular it should be noted 
that there are also a number of propagating components emerging from near-field
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apertures that can be guided in a thin film. It will also be shown that the usual 
approximation of exponential decay of the near-field does not hold when the substrate is 
reflective. I discuss below the role of reflections from the substrate for a number of 
substrate materials and over a range of film thicknesses.
Here I adapt an implementation first employed by Van Labeke et al. [72], and 
subsequently by Stevenson et al. [71] (Chapter 2.2) to propagate the field from the 
aperture of radius, a, into a planar dielectric material of complex refractive index, rifiim, 
located a distance, zo, below the aperture. Here I take this model one step further to 
introduce reflections from a second interface with a material of complex refractive 
index nSUb a distance, d, beneath the sample surface and subsequent internal reflections 
within the film. This is a typical geometry that one might find in near-field lithography, 
or in microscopy of thin films.
Using the nomenclature introduced by Stevenson et al. [71], the Bethe- 
Bouwkamp equations for the field in the aperture are (when represented in reciprocal 
space): (Chapter 2.2)
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Where the x and y directions are parallel and perpendicular (respectively) to the 
polarisation of the incident light, which has amplitude E*. The wavenumber of the
incident light k0 = and the wavevector is given by K -  (kx, ky, k z) = (k , k z) , and 
k = k .
If the centre of the aperture is taken as the origin of the co-ordinate system, then 
the field at a point R = (x, y, z ) below the tip in vacuum is given by:
EV(R) = — r  {\E0(k)exp(izfCv(k))exp(ik - r)dk Equation 24
47t~ JJ
Where Kv = j k 02- k 2
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The Fresnel equations are then exploited to propagate this field past the vacuum- 
film interface. The field just inside the film is given by:
Equation 25
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Equation 26
Similar equations can be derived that describe the reflected field at the base of 
the film. The derivation is shown explicitly in Appendix I
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Equation 27
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All the components of the forward and backward traveling field can be summed 
in a manner analogous to that shown in Equation 24. In the data presented subsequently, 
10 reflections are considered within the film. This is not an exact solution since further
Spectrosil
50iuii Silicon
Figure 30 -  Two examples of critical insoluble cores (red) formed on spectrosil (top) and silicon 
(bottom) substrates. In both cases, the plotted area is in the plane perpendicular to the incoming light 
polarisation direction and the incident light can be considered to be arriving in a direction down the 
page. The film thickness is 40nm.
reflections from the probe (SNOM) or photomask would give rise to further 
modification to the field, but almost all of the contribution is included within ten 
reflections. All data assumes an aperture radius of 30nm -  typical for apertured SNOM 
probes -  incident light at 325nm and a tip-sample separation of 5nm. The refractive 
index of the film is taken as 1.73+0.067i [52], which is the refractive index of poly(p- 
xylene tetrahydrothiophenium chloride), the optically and thermally pattemable 
precursor to the conjugated PPV that was used in some of the near-field lithography 
experiments (Section 5.2.1).
To measure the impact of the substrate reflections on this lithography process, 
the concept of a critical insoluble core is employed as discussed above. Two examples 
of critical insoluble cores from the multiple reflections modeling are shown in Figure 
30. The diameter of the critical core is defined by its widest point, which is typically but 
not necessarily near the surface of the film. This is calculated separately for the x-z 
plane (parallel to the polarisation direction of the laser incident on the aperture) and the 
y-z plane (perpendicular to the incident polarisation direction). The results are plotted in 
Figure 31 for a range of film thicknesses. There is a very clear effect of the substrate 
reflections on the critical core diameters when comparing aluminium 
("A /U azsn^°.326+ 3.95/) [154], silicon (h Si|^ 3^ =  5.052 + 3.211/) [154] and 
spectrosil ( ns ctrosU\JL=325nm= lA& )1 substrates to the case where no substrate reflections
are considered. The nature of this effect is to increase the size of the minimum features. 
The effect is largest in aluminium and silicon, where the refractive index of the 
substrate differs substantially from that of the film. In the case of spectrosil, the 
refractive indices are better matched, so the effect is significantly reduced to the point 
where it can be considered insignificant on any level that would be relevant to 
experiments. Coming back to the cases of aluminium and silicon, the thicker the 
precursor film is, the greater the effect of the reflections. At their worst, substrate 
reflections cause an increase in the critical insoluble core size of around 50%.
1 Measured by LOT Oriel on a substrate provided by ourselves on their VASE ellipsometer.
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Figure 31 -  Critical insoluble core
diameters plotted as a function of the film 
thickness on a variety of substrates, a) in 
the plane parallel to the incident light 
polarisation direction, b) in the plane 
perpendicular to the incident light 
polarisation direction, c) in the same plane 
as (b) but including the sidelobe diameters
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Figure 32 -  Intensity of the near-field along the axis of the probe directly below the aperture. Inset: 
The same data plotted on a logarithmic scale.
This is already a major concern for near-field lithography. However, things get 
worse when considering effects beyond the ‘core’ of the lithographic features. One 
particular feature of the field around a subwavelength aperture is the side lobes either 
side of the central peak, in the plane perpendicular to the incident polarization direction 
[152]. The intensity of the field in the sidelobes is comparable in certain cases to the 
intensity of the field at the base of the film due to the approximately exponential decay 
of the field through the film. So instead of just a critical insoluble core, these insoluble 
sidelobes are present when considering aluminium or silicon substrates (Figure 31, 
lower diagram). In the simplest model, these would be washed away in the rinsing step; 
but given their proximity to the core, and the fact that the area in between will be at 
least partially converted in the lithography process, it is highly likely that they are not 
entirely or not always removed by the development step. Figure 31c plots the diameter 
across the sidelobes and the result is a worst case scenario of a feature that is 300nm 
across (for a 50nm film on silicon - in the plane perpendicular to the incident laser 
polarisation direction).
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To explain these results, the on-axis intensity of the near-field -  that is the 
intensity at the points directly below the centre of the aperture (x=y=0 ) -  is plotted as a 
function of depth through a 20nm film (Figure 32). The inset of this figure shows the 
expected exponential decay of the near-field through the film in the case of no 
reflections and in the case of the spectrosil substrate where reflections are minimal. This 
is not the case with aluminium or silicon substrates. The field decays more rapidly in 
both of these examples. The reason for this non-exponential decay of the near-field is 
destructive interference of the forward ‘propagating’ field with the backward one, 
caused by a phase change during the reflection. This destructive interference is most 
prominent at the base of the film since the backward reflected field also decays more-or- 
less exponentially. It is actually an appreciable effect all the way through the film, even 
causing a reduction in the intensity of the field at the surface. This large decrease in the 
intensity of the field at the base of the film is the root cause of the negative effect on 
lithographic resolution. It is at the base of the film that lithographic features must be 
anchored, so the lower intenisties in this region mean that a wider region at the top of 
the film receives an equal or greater dose -  a larger critical insoluble core is formed.
When concerned with exploiting the near-field for imaging through use of the 
SNOM, it may be a relief to hear that the effect of substrate reflections is found to be 
much less detrimental. From the data already presented in Figure 32 one can expect that 
reflective substrates will result in the field being confined more strongly to the surface if 
reflective substrates are used. This can, of course, be a benefit as SNOM is a surface 
analysis technique and in many cases one would like to avoid a mixing the signal from 
the surface with that from underneath the surface. However, if the SNOM is being used 
to image buried structures it would be sensible to avoid the use of reflective substrates. 
Where imaging resolution is concerned, it is useful to consider the full-width half­
maximum of the field profile through the film, which is plotted in Figure 33. As seen 
previously, the non-reflective spectrosil substrate shows little difference from the no 
reflections case. The aluminium and silicon substrates both have a measurable effect on 
the FWHM, but in a somewhat surprising way. Reflections from an aluminium substrate 
cause a consistent degradation to the imaging resolution as one might expect from 
considering that the reflected field has traveled further, spreading out on as it 
propagates. Conversely, the reflections from a silicon substrate can cause a slight 
narrowing of the field intensity profile through much of the film thickness -  though this 
reverts to a broadening at the very base of the film.
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It has been shown that the substrate material has a significant effect on the 
resolution both of near-field lithography and imaging. For lithography, the effect of a 
reflective substrate is a significant degradation in the minimum feature size that is 
achievable. This has been linked to destructive interference of the reflected field with 
the incident field, a phenomenon which also causes the decay of the near-field through 
the film to be faster than exponential. The lithographic resolution result is of particular 
importance to the field of scanning near-field optical lithography. To access the highest 
resolutions, it would be recommended from these results to match the refractive index 
of the substrate to that of the film material or vice-versa. Where this is not practical, 
anti-reflection coatings could be used. In near-field imaging the substrate reflections 
manifest themselves in a stronger confinement of the near-field to the surface of the 
film, and also in either a broadening or a narrowing of the field within the film. 
Knowledge of both of these effects is vital when interpreting data from near-field 
experiments.
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5.3.3 Achieving maximum resolution with SNOL
Figure 34 shows the best resolution to date of any features produced by SNOL 
in PPV1. These dots show a FWHM of 85nm. The higher resolution achieved with these 
features compared to others shown in this chapter can largely be put down to their low 
height (lOnm). Shrinking of the structures by up to 50% during thermal conversion [52] 
suggests that the precursor film could have been up to 20nm thick . By modeling the 
field from the aperture using the Bethe-Bouwkamp model [9, 11, 155] and propagating 
it through the precursor film [71, 72] (refractive index = 1.73 + 0.067i at 325nm, no 
reflections were considered as a spectrosil substrate was used), a value for the critical 
diameter of the insoluble core can be estimated. This value was 50nm in the direction 
parallel to the incident laser polarization and 34nm in the perpendicular direction and is 
illustrated in Figure 35. The critical feature width calculated in this way is less than the 
feature width observed in experimentally -  even before any lateral shrinkage occurs 
during baking. This is consistent with the existence of an extensive gel phase around the 
central feature. However, it must be noted that the critical core model will not 
necessarily predict the feature size exactly for a number of reasons noted in section
Figure 34 -  AFM image (left) and cross-section (right) of the highest resolution features achieved 
in PPV using SNOL. The full-width half-maximum size of the dots is 85nm, but they are only 
lOnm high. The aperture diameter was 30nm.
5.3.1.
85nm
1 These features were produced by Dr Andy Downes and the associated modeling was done by myself.
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Figure 35 -  Model of the field from the SNOM probe when propagated into a 16nm thick film of the 
PPV precursor. Each contour represents a factor of four in intensity. The two diagrams represent 
vertical planes parallel (top) and perpendicular (bottom) to the incident laser polarization. The contour 
that just touches the base of the film (light blue) defines the critical feature width (red arrows). The 
critical feature width is 50nm in the parallel direction and 34nm in the perpendicular direction. The 
aperture diameter is set to the certified value from Jasco of 30nm and the tip-sample distance was 
assumed to be 15nm.
Overall, a number of factors can be identified that control the resolution. The 
probe must have a small aperture held at the shortest possible distance from the 
substrate. The resist film must be as thin as possible and its refractive index should 
match as best as possible that of the underlying substrate. Exposure of the film should 
be enough to anchor features firmly to the substrate, but further exposure will result in a 
decrease in resolution. It is only when these conditions are met that one can expect to 
obtain sub-diffraction limit patterning.
5.4 Probe heating effects during SNOL
The optical throughput in apertured SNOM probes is very low (10'3-1(T* for 
etched fibres, but 10"6 for pulled fibres). There are several reasons for this. Firstly, the 
taper does not support the propagation of light when its diameter falls below X/2. Etched 
fibres can be produced with a much shorter final taper than pulled fibres, which is one 
reason why they can achieve much higher throughputs. Secondly, due to the metal 
coating around the taper region of the fibre, which serves two purposes: as a reflective 
surface to confine light to within the taper and to absorb any light that does escape from 
the fibre. Aluminium and gold are commonly used, often with a thin chromium layer to 
enhance adhesion to the fibre. Thirdly, the geometry of the taper causes much of the
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light to be back-reflected after it has undergone multiple reflections in the taper region. 
So, of the light entering a SNOM fibre, some is absorbed by the metal coating, some is 
back-reflected down the fibre and only a very small proportion reaches and passes 
through the aperture.
The laser light absorbed by the metal coating contributes to a significant heating 
of the apex region of the probe. Temperatures at the apex can reach several hundred 
degrees [156]. To fit experimental data on the temperature profile in the apex region of 
conical SNOM probes, a combined thermal conduction and optical ray model of the 
apex region with multiple internal reflections can been employed [157]. This heating 
can have many effects that need to be considered when using the SNOM for imaging or 
lithography. The heat can be transferred from the probe to the sample, causing melting 
for example [158]. The heating can cause thermal expansion of the probe, with observed 
elongations of up to several hundred nanometres [159]. Repeated ON/OFF cycles of the 
laser can cause damage to the metal coating in the taper region [160] through strain 
caused by the differential expansion coefficients of the metal and the fibre core material 
(quartz in the UV probes from Jasco). The aperture itself can have its geometry altered 
by strain in the expanding metal and fibre [160]. An increase to the probe throughput 
can be caused by an increase in aperture size due to the expansion of the metal around 
the aperture. An opposing effect is found in the thermal elongation of the taper region 
which will cause a decrease in the throughput due to an extension of the cut-off region. 
In this section I describe experiments conducted to determine the role of these thermal 
effects in lithography of conjugated polymers and to characterise the thermal expansion 
of probes bought from Jasco Inc.
5.4.1. Indirect measurement of sample heating in SNOM by 
thermochromism in PPV
Here I will discuss the use of the thermochromism of conjugated polymers to 
investigate substrate heating effects in scanning near-field experiments with apertured 
probes. Both chemically etched and pulled fibres have been used to provide near-field 
excitation of fully converted films of PPV and of poly(4,4’-diphenylene 
diphenylvinylene), PDDV.
The issue of probe heating is particularly important for SNOL of the precursor to
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PPV since this is made insoluble by heating it to high temperatures as an alternative to 
exposure to UV light, as has been discussed in detail in section 5.2.1. 
Thermolithographic effects need to be carefully understood and controlled to obtain 
optimum resolution from the SNOL process since the aperture is smaller than the 
overall probe diameter at the apex -  the majority of the diameter being taken up by the 
(hot) metal coating. Here, the sensitivity of the optical properties of conjugated 
polymers (photoluminescence in particular) to changes in temperature 
(thermochromism [161]) is used to detect any local heating of the sample surface. 
Conjugated polymer photoluminescence and absorption spectra can be blue-shifted 
upon heating, due to the excitation of progressively higher vibrational levels, and the 
subsequent loss of conjugation along the chains. The magnitude of this blue shift will 
vary between polymers.
Approximately 50-nm-thick films of PPV were prepared on spectrosil substrates 
by thermal conversion of a spin-coated film of the poly(p-xylene tetrahydrothiophenium 
chloride) precursor to PPV (Figure 21) at 220 °C for 5 h at 10'3 mbar. PDPV films were 
spin-coated from a 1% toluene solution so as to give ~50nm-thick films. To get a 
reliable measure of the thermochromism in each of the polymers, time-integrated 
temperature-dependent far-field PL spectra were acquired in a cryostat under a dynamic 
flow of helium. Excitation and detection was provided by a time-correlated single­
photon counting system. Samples were excited with a pulsed diode laser emitting at 407 
nm1. This gave a standard to compare the near-field spectra to.
For the near-field experiments, the PL signal was collected in the far-field in 
transmission using a long working distance objective to couple the light into a 
spectrometer (Ocean Optics S2000-UV-VIS). The probes were the chemically etched 
probes from Jasco Inc. and the source was the HeCd laser at 325nm. Photo-oxidation 
can have a significant detrimental effect on the PL efficiency. It can also cause a blue- 
shift of the PL spectrum, since the oxygen defects decrease the average conjugation 
length in the polymer, in much the same way as increasing the temperature. To 
minimize photo-oxidation at the illuminated spot, the probe was not kept at a fixed 
position on the sample, but was instead scanned across the surface at a speed of 0.5 
pms'1. This is comparable with typical SNOL scan speeds.
1 The temperature-dependent far-field PL spectra were collected with the help of Prof Carlos Silva and Dr 
Clement Daniel at The Cavendish Laboratory, J J Thomson Avenue, Cambridge CB3 OHE.
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Figure 36 - Temperature dependence of the photoluminescence spectra of a 50nm-thick PPV 
film on a spectrosil substrate, in the range 213-413 K. Inset: The temperature evolution of the 
position of peaks 1 and 2 as determined by fitting the peaks with Gaussian functions.
Figure 36 shows the far-field PL spectra of PPV collected on the time-correlated 
system as a function of temperature in the range 213—413 K. The spectra consist of three 
main peaks whose room temperature maxima occur at approximately 2.44 eV (or 508 
nm, peak 1), 2.28 eV (or 544 nm, peak 2) and at 2.09 eV (or 593 nm). As expected, a 
blue-shift is observed in the peaks as the temperature is increased. The decreased 
intensity with increasing temperature is due to the decrease of the PL efficiency, which 
is most likely connected with a variation of the nonradiative decay rate resulting from 
higher exciton mobility at higher temperatures. On returning to room temperature, the 
original characteristics were retrieved. Gaussian functions were used to fit the main 
peaks and extract their evolution as a function of temperature, which is shown in the 
inset of Figure 36 for peaks 1 and 2. The blue-shift (with increasing temperature) is 0.44 
meV/K for peak 1 and 0.50 meV/K for peak 2, in the range 293-373K.
Figure 37(a) shows the near- and far-field spectra of the same PPV sample used 
in the temperature-dependent experiment, and Figure 37(b) shows analogous spectra 
obtained on a different PPV sample. Although the near-field spectra are significantly 
noisier than the far-field ones, owing to the smaller signals achievable with near-field 
excitation, they are sufficiently well resolved to allow comparison with the far-field 
spectra, from which it can be concluded that there is no significant blue-shift. More
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Figure 37 - Room temperature far-field (solid lines) and near-field (circles) PL spectra of different 
PPV (a), (b) and PDPV (c) films on spectrosil substrates. The materials chemical structures are 
displayed as inset Excitation is from a He-Cd laser at 325 nm. The power directed into the fibre 
launching assembly was 8.2 mW in all cases. The probes’ certified aperture is 60±5 nm for (a), 20±5 
nm (b), and 60±5 nm in the case of (c).
precisely, by comparing the far-field temperature calibration with the most blue-shifted 
data points of the blue-edge of the near-field spectra in Figure 37(a) in the range 2.5- 
2.55 eV, a conservative estimate of the upper limit of local heating in the PPV film, if 
present, can be placed at 40 K. Even smaller values of the higher bound for the local 
heating would result from considering Gaussian best fits of the various peaks (10K or 
so), but the near-field spectra are too noisy to allow good-quality fits. The absence of a 
significant blue-shift in near-field PL spectra on PPV is in agreement with the results 
obtained when an analogous experiment was conducted using a pulled Cr-Al metal 
coated probe from Nanonics Ltd.
The near- and far-field spectra of PDPV are shown in Figure 37(c). Again, no
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significant blueshift is found, thus corroborating the conclusion that the polymer 
samples do not suffer from significant local heating as a result of interaction with the 
SNOM probe, in the region from which the photoluminescence originates.
Such a weak sample heating should give confidence that the lithography on 
precursor and cross-linkable films discussed in section 5.2 is purely optical in nature. 
This is especially true in the case of PPV lithography, where the thermal conversion 
temperature is 220°C (though conversion will occur at a slower rate at lower 
temperatures). F80x and BTOx (Section 5.2.2.) have somewhat lower thermal 
activation temperatures for cross-linking -  100°C -  but this is still larger than the 
sample heating detected in these near-field spectroscopy experiments. The possibility of 
patterning the PPV precursor by purely thermo lithographic effects was also studied by 
launching 670 nm radiation into the fibre, which is not absorbed by the precursor, but 
which contributes to heating of the probes due to absorption by the metal coating, in an 
experiment conducted by Dr Downes at UCL. To ensure that probe heating is 
comparable or greater than with UV illumination, 0.75 mW UV then 4 mW red light 
was launched into the optical fibre to draw two separate structures (Au reflection 
coefficient at normal incidence [154] is 0.9 for A=670 nm and 0.25 for A=325 nm, 
whereas the fibre transmission of 670 nm light is greater than transmission of 325 nm 
light by a factor of 1.5).
The intended patterns are shown in Figure 38(a), whereas Figure 38(b) is an 
optical microscope photograph showing the final result after development and thermal 
conversion. A PPV structure is observed where UV light was used, but a complete 
absence of any lithographic feature where visible light was used. The absence of 
lithographic features in the case of visible light, which is not absorbed by the PPV 
precursor, confirms that the photolithographic process is not affected by the close 
proximity of the hot SNOM tip to the sample surface.
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Figure 38 - Intended patterns (a), and optical micrograph (b) of the PPV structures obtained by SNOL 
with irradiation of the PPV precursor at 325 nm (left) and 670 nm (right). No structure is observed 
with red near-field illumination, confirming the absence of thermolithographic effects in UV SNOL of 
PPV precursor. The power launched into the fibre was 0.75 mW for UV light and 4 mW for visible 
light A gold-coated fibre probe (Jasco Inc.) was used with a certified aperture of 80±5 nm. This data 
was obtained by Dr Andrew Downes at UCL.
5.4.2. Shape-dependent thermal expansion effects in apertured 
SNOM probes
Typically SNOM probes undergo an expansion upon laser injection due to the 
heating of the metal coating and fibre core near the apex. This is a well documented 
phenomenon for many fibre probes [159] and axial elongations of the probes of up to 
lOOnm per mW of injected laser power have been observed [162]. However, no work 
has been published until now on the chemically etched probes with a double taper 
manufactured, for example, by Jasco Corporation. These probes have a particularly high 
throughput due to the short length of the final taper. In this section I present a study into 
thermal expansion effects in these probes.
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Figure 39 -  (Images from Jasco Corporation) (a) Schematic of a SNOM fibre probe produced by 
Jasco by selective chemical etching (SCE). The protruding cone is formed due to a slower etching 
rate of the core with respect to the cladding. After gold metallization (indicated by light grey lines), 
the tip is punched against a hard surface, producing a flattened apex with a sub-wavelength aperture 
at the center (black arrow), as seen in the SEM micrograph in (b).
The Jasco probes are based on quartz fibres (10/125 pm core/cladding 
diameters) stripped of the outer polymeric jacket. Tapering is accomplished by means of 
selective chemical etching in bulk, in a hydrofluoric acid solution (HF, 50%) buffered 
with ammonium fluoride (NH4F). Such etching procedure results in probes terminations 
that are significantly different to those produced by pulling or tube-etching, which end 
instead with a long conical taper ( 0 .1 - 1  mm). As depicted in Figure 39(a), the fibre 
end of SCE-probes is characterized by a glass cylinder a few tens of microns wide, with 
a short cone (only a few pm long) protruding from the cylinder base. The tip-cone angle 
is controlled by adjusting the temperature of the solution, the etching time and the 
chemical composition of the solution [84]. The volume ratio of NH4F influences the 
relative core/cladding etching rates (rco and rci respectively). These parameters, 
according to [25] determine the cone height hnp and angle 6:
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where dco is the core diameter, 0 is in radians. The Jasco NPU-series probes are 
characterized by cone lengths of ~2pm, corresponding to angles of -45°, as shown in 
Figure 39(a). The cladding is only partially etched, and its residual diameter ranges 
from 25 to 50pm. A gold film ~150nm thick (light grey line) is sputtered on the entire 
exterior surface. The small aperture is subsequently obtained by pushing the probe 
against a flat surface, squeezing the gold off the side, while controlling the light 
throughput [163]. The SEM picture in Figure 39(b) shows that the resulting conical tip 
has a flat base, orthogonal to the fibre axis, with a round aperture at the centre. The 
optical and topographic interaction of the probe with the sample surface occurs via the 
protrusion indicated by the arrow.
To investigate thermal expansion effects in such probes a the method described 
by Gucciardi et al. [164] was used. The tip was first brought in close proximity of the 
sample surface, stabilizing the tip-sample distance by means of the shear-force feedback 
loop, Figure 40(a). A controlled amount of light (HeCd laser, /  = 325nm, up to 9mW) 
was sent into the fibre launching assembly. Due to light absorption, the probe heated up 
and, as a result of thermal dilation of the metallic coating, its length varied by an 
amount A/idp. To counterbalance this effect and restore the pre-set tip-sample distance, 
the feedback loop moved the sample by the same amount A/itiP (Figure 40(b)). The 
thermo-mechanical response of the probe (either elongation or shortening) can thus be 
measured by monitoring the error voltage provided by the feedback circuit as a function 
of the power of the coupled light. Experiments are carried out on two different 
apparatuses. Measurements of the tip length variations were accomplished at UCL using 
a digital oscilloscope to monitor the z-control output of the feedback. To clarify the 
findings at UCL, an opportunely modified [165] commercial SNOM (Unisoku Ltd., 
Japan) was used by Dr P. Gucciardi1 to follow the tip length variation as a function of 
the time, when the light is coupled into the sensor. This apparatus employs an optical 
shear-force detection scheme to control the tip-sample distance (Figure 40(c)). A set of 
2 piezotubes (not shown in the figure) scans the sample in the xy plane (15x15 pm2
1 CNR-Istituto per i Processi Chimico-Fisici, Sezione di Messina, Via La Farina 237,1-98123 Messina, 
Italy
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travel distance). A further piezotube is exploited to move the tip vertically (scan range 6 
pm), as shown in Figure 40(d). A digital oscilloscope is used to monitor the movement 
of the piezo holding the tip.
I start by reporting investigations carried out using the setup in Figure 40(c, d) 
by Dr Gucciardi. For these new probes were used, as received from Jasco, and never 
used for scanning. Figure 41(a) (black line) shows the temporal evolution of the vertical 
position of the tip, during an OFF-ON-OFF cycle of laser illumination, in which a 
continuous downward drift of the tip (~ 0.1 nm/s, red line) is observed due to minor 
mechanical or electrical instabilities of the SNOM apparatus, that is particularly obvious 
in the OFF period. The most remarkable feature of Figure 41, however, is the 
downward shift of the tip position (4 nm) that takes place at the beginning of the ON 
period. After the laser is switched off, the piezo retracts the tip by ~ 2 nm (note that 
linear interpolation of the drift during the OFF period suggests a 2.5 nm “intrinsic”
Sample 
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Figure 40 - Sketch of the setup to measure tip thermo-mechanical response. Before coupling light into 
the probe, the tip is approached to the sample, and the mutual distance stabilized by means of a 
feedback circuit driven by non-optical (a) or optical (c) shear-force detection. The light-induced tip 
shortening AAup is compensated by the feedback loop which will move the sample up (b) or the tip 
down (d) of the same amount. Figures a) and b) correspond to the experiments done at UCL. Figures 
c) and d) correspond to the experiments done by our collaborators in Japan.
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downward shift of the SNOM over the same period). Such a behavior is opposite to the 
one expected for thermal elongation of the probe, that would have forced an upward 
shift of the tip/piezo system, and thus points instead to an overall shortening of the 
glass-metal assembly (Figure 40(c,d)). This is against all previous results for SNOM 
probes. For comparison, a pulled fibre probe (Nanonics, Israel) was investigated at UCL 
with the set-up shown in Figure 40(a) and (b). These probes are well-known to elongate 
upon insertion of laser power. Indeed, when the laser (325nm, 3.4mW) is directed into 
the Fibre launching assembly, the sample stage voltage decreases, indicating a retraction 
of the sample. This corresponds to an elongation of the tip (of 32nm in this case). So the 
behaviour of the Jasco probes is clearly different to that of pulled fibre probes.
The (UCL) setup in Figure 40(a) and (b) was used to analyze the dependence of 
the shortening effect on the power coupled into the fibre. The results are presented in 
Figure 42. For this experiment a new probe was mounted (in the following addressed as 
probe-A) and the laser power was modulated by means of a shutter (100% modulation 
depth, duty cycle of several seconds) while simultaneously monitoring the feedback 
signal to the piezo-stage (i.e. the one controlling the vertical movements of the sample) 
by means of a digital oscilloscope. It was thus possible to observe very significant tip- 
shortenings, up to 400 nm for a laser power Piaser = 9.2 mW (note that this was the 
power before coupling into the fibre, and that injection losses are estimated to be greater 
than 50%, and possibly up to 90%). The power dependence of this effect, seen in Figure 
42, is highly non-linear, and the experimental data can be fitted by a cubic model. It 
should also be noted that, especially at the highest powers, the shortening effect
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Figure 41 - Plot of the probe position as a function of time a) for a Jasco probe on the equipment in 
Japan, by P. Gucciardi, and b) for a Nanonics probe on the apparatus at UCL
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decreases with successive cycles of irradiation. For example, it was not possible to 
recover the original value of 400 nm after leaving the system running for a long period 
of time (about four hours). In addition, after some minutes of laser irradiation at ~9 mW 
a sudden event occurred that led to fast tip retraction, after which the photo-induced 
shortening of the tip was no longer observed. Such observations suggest that some 
permanent alteration of probe-A had occurred, although no luminous emission from the 
tip apex could be observed, which is the usual sign of severe tip degradation. Such 
behavior also confirms experience that these probes are amongst the most robust and 
durable probes currently available on the market (incidentally, Jasco believes that the 
input tolerance of near-field products is 1 - 2 mW).
Perhaps the most interesting aspect of the phenomenon is that such modification 
is accompanied by a radical change of the thermo-mechanical behavior of the probe, 
which now elongates in response to laser injection. For example, an elongation was 
measured of A/itiP ~5nm for P\&s = 9mW at X = 325nm. When changing the wavelength 
to 633nm, the same behavior is recovered, with ~2nm elongation. Incidentally similar 
observations were obtained with an old probe (probe-B in the following), that had 
already been used for scanning on polymers films, so intensively that light could be 
observed emerging from the tip apex even by naked eye, indicating certain damage to 
the metallic coating defining the aperture. The thermal behavior of probe-B when 
subjected to laser irradiation is reported in Figure 43 (as measured at UCL).
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Figure 42 - Plot of the tip shortening measured against laser power (black circles). Powers are pre­
injection into the fibre, and injection losses are typically 90%. The nonlinear trend is fitted by a cubic 
law (red line).
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Superimposed to the mechanical drift (red line, ~ 0.07 nm/s), noting that the feedback 
increases the probe-sample distance when the laser was switched on (boxed region): the 
clear fingerprint of a thermal elongation.
I
s
Figure 43 - Thermo-mechanical behavior of an intensively used probe (black line). When light is 
coupled into the fibre (boxed region), the probe-sample distance is increased by the feedback loop 
(yellow line), in response to the thermal elongation of the tip. The effect is superimposed to a 
mechanical drift (red line) of the order of 0.07 nm/s. Data in this plot were obtained at UCL with the 
set-up described in Figure 40(a,b).
Figure 44 shows the scanning electron microscope (SEM) image1 of probe-A 
after the alteration has occurred. The appearance of the end-cone is very different from 
the one of a pristine probe as in Figure 39(b), although this may be due, at least in part, 
to a different original shape. The cone in Figure 44 appears sharp and uniformly coated, 
although the surrounding area is rather irregular. It should be noted, in particular, that 
the metal coating is detached in two points at the base of the probe. In one case (black 
arrow) the coating has completely folded over. Nevertheless, the absence of any visible 
emission from probe-A suggests that the adhesion between metallic coating and fibre is 
still good in the core region. Though not shown here, detachment of the metal coating at 
the edges of the base was also observed in probe-B.
1 SEM images were acquired with the assistance of Dr Dae-Joon Kang at The Nanoscience Centre, 
University of Cambridge, 11 J.J. Thomson Avenue, CB3 OFF Cambridge, United Kingdom;
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The experimental results can be explained, at least qualitatively, by taking into 
account the different shape and expansion coefficients of the glass fibre and of the 
metallic coating. Whereas the former, that constitutes the bulk of the SNOM probe is 
essentially a glass cylinder some tens of microns in diameter and a few mm in length, 
which ends with a small cone (10pm base diameter, 2pm height), the latter (coating) is a 
gold film of only ~ 150nm nominal thickness, that instead surrounds both glass cylinder 
and cone, as in Figure 39(a). In addition, laser absorption by the gold film is strongly 
localized in the conical region because of both the large absorption coefficient of gold 
(whose reflectance at normal incidence [154] is only 25% at 325 nm, whereas optical 
transmission is virtually nil), and because of multiple reflections at the cone faces. 
Furthermore, the thermal expansion of gold (agoid = 1.4xl0'5 °C‘1 in bulk, at room 
temperature) is nearly 3 times as large as that of silica (ccSiiica = 0.54xl0'6 °C"1) so that 
significant mechanical stress is expected to build up at the gold-fibre interface upon 
laser illumination. When exceeding the adhesion force between the gold and the fibre, 
such stress may lead to a sliding of the gold film with respect to glass support. A 
shortening of the total system could result for example from larger radial expansion of 
the cylinder base with respect to the coating that would pull back the metal surrounding 
the cone. The precise mechanism with which such effects are produced is not clear at 
the moment, and a full understanding of the processes at work is likely to require 
careful 3-dimensional, finite elements, simulation of the structures and their heating and
Figure 44 - SEM image of probe-A (Jasco NPU-series) acquired after the change of its therm o­
mechanical behaviour from shortening to elongation but still suitable for SNOM operation on the basis 
of its far-field transmission properties.
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expansion properties, that goes beyond the scope of this work. Such modeling should 
have the scope for clarifying several outstanding questions. For example, it is surprising 
that the data are consistent with a radial expansion of the cylinder greater than that of 
the gold on the base of the fibre, not least because both the temperature of the fibre and 
its expansion coefficient should be smaller than that of the Au film. However, there are 
at least three further factors that also need to be taken into account, namely, a) the 
variation of the thermal expansion coefficient as a function of the Au thickness and 
dimensionality (the Au film is essentially 2D whereas the fibre is expected to behave 
essentially as a 3D system), and the possible relaxation of the mechanical stress 
accumulated in the fibre cone during the probe-formation process that takes place via 
hard-tapping. Another surprising aspect is that a shift of the tip position as large as 400 
nm was observed for a film thickness that is nominally only 100-150 nm. Clearly, this 
seems to point to a greater thickness of the Au in the apical region due either to the 
details of the Au sputtering or to those of the aperture formation process.
Clear evidence of the effects of mechanical stress can be found in Figure 44, in 
the form of cracks and detachments of the metallic coating, one of which (black arrow) 
even shows the coating folding over itself while exposing part of the underlying fibre. 
Intuitively, this would occur more easily around the probe edges where the adhesion is 
reduced and the coating is thinner. Absence of radiation leakage in these conditions can 
be explained by the fact that such exposed areas belong to the cladding. Such cracks are 
most likely related to the “events” that were observed during high-power injection into 
the probes, and that were accompanied by the probes reverting to the commonly 
observed “elongation” behavior in response to laser illumination. This suggests that an 
improvement of the thermal resistance of this kind of probes could be obtained by 
strengthening the gold adhesion at the probe edges. This could be achieved, for 
example, by increasing the metal thickness at the edges. Or alternatively, by interposing 
a further chromium layer between the glass and the gold, as is usually done in 
commercially available aluminum-coated probes.
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6. Modelling the near-field for imaging
6.1 Simulation of artifacts in SNOM images
It has been shown that SNOM allows the optical properties of micro- and nano­
structures to be probed at resolutions beyond the diffraction limit. This means that truly 
nanoscale resolution is achievable. However, the benefits of such high resolutions can 
be lost if the image is not interpreted correctly. In particular, the geometry of the 
relatively large probe causes images obtained by SNOM to contain a mixture of optical 
and topographical information. Even where there is no optical contrast on a surface, 
topography can introduce contrast to the recorded image. This can make interpretation 
of images from optically complex samples very difficult. To achieve confidence in 
results obtained by SNOM, the nature of such topographical artifacts must be fully 
understood. Here I present numerical simulations of SNOM imaging and an 
investigation into several observable topographical artifacts. Specifically, I will present 
results showing that a small and purely topographical feature near a larger one can be 
visible in an image, but may appear distorted and displaced from its original position if 
it is approximately a probe diameter from the larger feature.
Whilst the optical specificity of the SNOM is a huge benefit, interpretation of 
SNOM images is not as straightforward as, for example, the interpretation of atomic 
force microscopy images in the case when purely topographical information is sought. 
A SNOM is most commonly operated in constant gap mode, where the feedback 
mechanism (typically shear force feedback) is used to maintain a constant distance 
between the probe and the surface. However, a shear force feedback system responds to 
interaction of any part of the probe with the surface, and SNOM probes can be quite 
wide at the base. In the case of the probes manufactured by Jasco, for example, which 
have been used in near-field lithography experiments [74, 146], the flat probe base has a 
diameter of anything from a few hundred nanometres to around 1.4pm -  depending on 
the thickness of the metal coating on the fibre. Any point on the probe base can interact 
with the sample, including points on the edge of the probe which are more than one 
hundred nanometres from the aperture. In fact, interaction of the surface with the edge
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of the probe is likely as small deviations of the probe angle from 90° relative to the 
substrate will result in one edge of the probe being closer to the surface than the rest. 
This means that even if the closest distance between the probe and surface is constant, 
the aperture may be at a much greater separation from the surface especially when in 
close proximity to topography (Figure 45a). This non-constant aperture-sample distance 
is the cause of a class of topographical artifacts in SNOM images.
There have been several previous investigations of artifacts linked to the z- 
motion of the tip [81] for a variety of SNOM modes, including apertured SNOM [49, 
80, 166], apertureless SNOM and photon scanning tunnelling microscopy (PSTM) 
[167]. Often, the suggestion for avoiding artifacts related to the z-motion of the tip is to 
operate the SNOM in constant height mode [49]. However, this is not always possible 
on rough samples, and when it is possible it may not give the optimum resolution 
(which degrades rapidly with the distance of the aperture from the sample). The 
alternative is to use the SNOM in constant gap mode, but to take care in distinguishing 
between z-motion artifacts and genuine optical contrast. The model presented here is 
based on aperture-SNOM illumination of a luminescent surface, where the collecting 
optics below the substrate detect - in the far-field - the photoluminescence excited in the 
sample.
The surface of both the sample and probe are represented in the model by two- 
dimensional matrices s(x,y) and p (x ’,y') respectively. The expected path of the aperture 
over the surface, t(xo,yo), is then calculated by assuming that the point of closest 
approach between any point on the probe and surface is constant. The intensity of the 
near-field at a point (x,y) on the surface when the aperture is above a point, (xo,yo), is 
given by
i(x, y,x0,y0)=e,(x0 -x , y0 -y,t(x„ ,y0)-s(x, y))2 +e, y0-y,t(*o, yo)~s(x, y ) f
Equation 30
Where ei and et are the two orthogonal components of the field from the aperture. These 
two components are described in these simulations by the Bethe-Bouwkamp model of 
the near-field through a sub-wavelength aperture [9-11, 155], where the light incident 
on the aperture is plane polarised. This model of the near-field is discussed in more 
detail in Chapter 2.2. These simulations do include coefficients for the transmission of 
the field into the sample [71] (refractive index = 1.73 + 0.067i), though it should be
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Figure 45 -  (a) A typical topography that the model was applied to and the path of the aperture 
over the topography. Object radii, A/=200nm, Z>2=100nm; object separation, c=850nm; tip-sample 
separation, d=5nm; aperture radius, r=30nm.
(b) The one-dimensional linescan calculated by the model for the surface in (a). The polarisation of 
the light incident on the SNOM aperture is in the direction of the presented linescan.
noted that calculation of the transmission coefficients does not take into account local 
variations in the sample topography. Contributions to the signal intensity are included 
from a thin surface layer only on the sample.
As this is an investigation of photoluminescence SNOM, it is assumed that the 
intensity contribution of a given surface element at a given probe position is 
proportional to the intensity of the near-field incident on that element. A weighting 
function, tj(x,y), is included in the model to account for local variations in 
photoluminescence efficiency. It should be noted that this weighting function could 
represent any other property being measured provided it gives a linear response to the
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intensity. Photocurrent is one such possibility, provided rj(x,y) accounts for both the 
charge generation and collection efficiencies. The image intensity, / ,  when the probe is 
at a lateral position (xo,yo) is therefore given by
/(* o . >>o) = X  y }' *(x' y’ *o ’ ^0) Equation 31
x*y
since the far-field collection optics detect photoluminescence signal contributions from 
all areas of the sample.
This model was used to investigate the artifacts which might occur in images of 
two topographical features that are separated by a distance of the order of a probe 
diameter. The objects were modelled as hemispheres of radii bj and 62 sitting on an 
otherwise flat surface and separated by a distance c. The probe was considered to be 
flat-bottomed, with a radius a operating in constant gap mode with probe-sample 
separation d. The photoluminescence efficiency, (tj(x,y)), was constant across the whole 
surface. Throughout this section, the parameters used were: bj = 200nm, &2 = lOOnm, d 
= 5nm and a = 700nm.
Figure 45(b) shows a simulated linescan resulting from such topography. The 
first point to note is the presence of an optical contrast that does not reflect the optical 
properties of the sample, which are spatially uniform (rj(x,y) = rjo). This is clearly seen 
as a region of low intensity either side of the two objects. This contrast can be attributed 
to the interaction of the edge of the tip with the objects causing the tip to retract and 
increasing the aperture-sample distance. This effect has been noted already in the 
literature for apertureless SNOM [168] and apertured [169]. It is this shadow region that 
makes the objects distinguishable in the image, despite the lack of optical contrast on 
the surface.
Although the smaller object in Figure 45 has the same luminescence efficiency 
as the larger one, it appears seven times less intense in the image. This is because the 
smaller object sits within the ‘shadow’ of the larger one. In this ‘shadow’ region, the 
shear-force interaction of the tip is with the larger object, even though the aperture is 
above the smaller object. The aperture-sample distance is therefore greater than the 
constant-gap, d, and the smaller object appears less intense. Figure 46 plots the variation 
in intensity of the smaller object as a function of separation from the larger one. It
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Figure 46 -  The dependence of the intensity of the smaller object with its separation from the 
larger object The intensity is normalized to the intensity over a flat surface.
becomes completely obscured at small values of the object separation (c « a ).
Therefore, one should not assume that if no optical (or topographical) contrast is
observed in the vicinity of a large topographical feature that no optical (or
topographical) features exist there. They are very likely to be hidden by the larger
feature.
Another measurable artifact is in the apparent object positions. In Figure 45 the 
small object appears shifted by 18nm from its true position (it is 18nm further away 
from the larger object than one would expect). To investigate this effect further, the 
apparent object separation in the image was plotted as a function of the true object 
separation (Figure 47). At large and very small separations the small object appears in 
its expected position, whilst at intermediate separations it appears at a certain critical 
position, C c r it ic a l-
The value of this critical separation is heavily dependent on the tip radius, and is 
also dependent on the geometry of the surface. It turns out that the value of the critical 
separation in this geometry is equal to the point of closest approach of the aperture to 
the surface near the small object. Purely geometric arguments show that this occurs 
when
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^critical ^ y l f a + d ) 2 ~ ( b 2 + d y  + a  Equation 32
Importantly, crnnra/ is independent of the true object separation, c. Equation 32 is equal 
to 876nm for the model parameters used to generate Figure 47 - a value that compares 
well with the observed critical separation in the plot.
If the objects are closer than approximately the radius of the tip, the peak in the 
image reverts to the correct position for the small object. However, in this condition, the 
intensity of the peak can be very small -  such that it would not show on most images 
(especially where the second object is much smaller than the first). This peak can be 
considered as similar to that which would be observed if the image was obtained in 
constant height mode at the height of the larger object. Within a probe radius of the 
larger object, the aperture path of a flat-bottomed probe does indeed follow a constant 
height (Figure 45(a)).
The model presented so far was taken one step further to generate two 
dimensional constructions of the images one would expect to observe in this geometry. 
These are shown in Figure 48 for the features (a) close together, (b) just below the 
critical separation and (c) far apart. The artifacts are striking. When the small object is 
far from the large one, (c), it is intense (approximately the same intensity as the larger 
one) and it appears slightly smaller than its true size. The small reduction in size is just 
a result of the evanescent nature of the field as the large tip passes over the small object 
at a constant height. At close separations (a), the small object appears significantly less 
intense and much broader than in the other cases. This is because the aperture is much 
further from the surface, so the field from the aperture is much weaker and has diverged 
significantly. The stretching of the object in the image is a result of the polarisation of 
the laser light incident on the aperture, which is parallel to the elongation. This 
polarization asymmetry is present but less noticeable when the aperture is closer to the 
surface (case (c)). In the intermediate case (b), a large distortion of the feature is 
observed. The side of the small object closest to the larger one lies is in its ‘shadow’ so 
appears significantly less bright. This makes the whole object appear shortened in the 
radial direction of the large object, and results in the peak of the smaller object in the 
image appearing further from the larger object than it actually is on the surface.
In summary, the Bethe-Bouwkamp model has been used for investigating
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topographical artifacts in SNOM images. Using this model, the image structure of 
surfaces consisting of two features in close proximity has been investigated. It was 
found that if the objects were separated by less than a critical separation, the smaller of 
the two was less intense than expected from its optical parameters and was displaced 
from its true position. The lower intensity was explained by the presence of the larger 
object causing the aperture to sit further from the surface when above the smaller 
feature. The position of the smaller object in the image when the true separation was 
below the critical value was identified as being the position at which the aperture passed 
closest to the object. These artifacts must be considered when interpreting SNOM 
images of rough surfaces.
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Figure 47 - The variation in position of the smaller object in the image with the real 
separation from the larger object The other parameters are identical to those used in 
Figure 45
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Figure 48 -  (Top) Topography of the two close 
objects of identical optical properties. (Below) 
Modelled images of the smaller of the two 
objects using a probe with a 1.4pm diameter 
base and an aperture radius of 30nm, scanned 
over a sample with complex refractive index 
n=1.73+0.067i at a probe-sample separation of 
5nm. The polarisation of the incident light on 
the SNOM aperture is in the x-direction. The 
topography objects are hemispheres of radii 
200nm and lOOnm separated by distances of:
(a) 600nm
(b) 850nm
(c) 1200nm
6.2 Investigation of buried structures using the SNOM
Much of the focus of the SNOM literature has been on imaging of objects at the 
surface of samples. Relatively little attention has been given to the potential of the 
SNOM for sub-surface imaging. This is quite understandable since the intensity and the 
resolution of the near-field degrade rapidly with distance from the tip. However, the 
near field does exist beyond the surface of samples and it is a useful exercise to consider 
what information could be extracted when imaging objects just under the surface, and 
where the limits of sub-surface imaging might lie.
6.2.1 Imaging of slanted heteroiunctions
Saiki et al [170] have reported on a method to work out the inclination of a 
slanted p-n junction, which extends from the surface into a GaAs sample, using 
multiwavelength SNOM tailored for the mapping of photocurrent in photovoltaic 
devices. This method, though quite successful, exploits propagating modes (from a 
200nm aperture) in the sample making it less applicable to thin film devices. A further 
consideration is that this method works for isolated heterojunctions, but since the 
propagating modes are lower resolution it is not possible to study thin film samples 
where there are multiple features separated by small distances. In polymeric 
semiconductors an equivalent structure could be the boundary between two phase- 
separated regions. The simulations presented here attempt to establish whether it is 
possible to exploit the near-field from the SNOM to obtain similar information from 
photoluminescence images whilst overcoming the limitations of the published method.
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Figure 49 -  a) Schematic of a semiconducting sample with two regions of different 
photoluminescence or photocurrent efficiency, the planar interface separating these regions 
being inclined at angle Q . b) Signal intensity, c) first derivative, and d) second derivative of the 
signal intensity as the aperture crosses the interface, for a variety of inclinations. The incident 
laser polarization direction lies perpendicular to the interface.
Aperture radius a = 20nm, tip-sample distance = 5 nm, refractive index of sample = 
1.56+0.54i, laser wavelength = 325 nm.
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In this geometry, the signal intensity was simulated for an apertured probe 
crossing a slanted planar interface, inclined at angle 0, between two regions with 
different photoluminescence or photocurrent efficiencies (Figure 49a). For simplicity, 
the external photoluminescence (or photocurrent) efficiency was rj = 0 in region A and r| 
= 1 in region B. In all the simulations presented in this section, the aperture radius was 
20nm («>.), the tip-sample distance 5nm and the complex refractive index of the 
sample 1.56+0.54i. This value of the refractive index corresponds to that of poly(p- 
phenylene vinylene) (PPV) at 325nm (measured by L.O.T. Oriel using their VASE 
ellipsometer).
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Figure 50 - Full width at half maximum (FWHM) of the first derivative data in Figure 49 with the 
incident laser polarisation direction parallel (empty circles) and perpendicular (full circles) to the 
interface, expressed in terms of the tangent of the inclination angle.
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Linescans simulated using four different interface inclinations are shown in 
Figure 49b. As expected the signal intensity rises smoothly across the interface, and 
levels out at large distances from the interface. For steep interfaces (0<15°) the linescans 
are almost indistinguishable and the position of the interface coincides with the position 
where the signal intensity rises to half its maximum. For shallow interfaces (#>15°) the 
linescans show a much wider transition and become rapidly asymmetric with increasing 
6. This is much as one might expect from the geometry since shallower interfaces have 
a greater lateral extent from the position where they intersects the surface.
The first derivative of the signal intensity, and in particular its full width at half­
maximum (FWHM), permits us to do this in a quantitative fashion. Figure 49(c) plots 
the first derivative of the four linescans shown in Figure 49(b). Notice that the 
maximum of the first derivative decreases as the angle of inclination increases, whilst 
its position moves away from the point where the interface intersects the surface. The 
effect of the interface angle on the FWHM of the first derivative is shown in Figure 50 
for incident polarisation directions parallel and perpendicular to the interface. For large 
angles (0>45°) the FWHM has a strongly linear relationship to the tangent of the 
inclination angle. This is because the lateral width of the interface scales proportionally 
to tan(0). The first derivative of linescans with the incident laser polarisation parallel to 
the polarization direction have a smaller FWHM because the near-field is narrower 
perpendicular to the polarization direction. In fact, the FWHM of the field intensity 
profile just below the surface of the sample is about 40nm along the x axis and about 
24nm along the y axis (see Figure 53). This asymmetry provides two independent ways 
to extract the inclination angle. However, this method is limited to inclination angles 
0>15° as the width of the first derivative changes little for smaller angles.
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It is possible to calculate inclination angles of <15° by using the second 
derivative of the signal intensity. Figure 49(d) shows the second derivative of the four 
linescans shown in Figure 49(b). Here, the position of the point of inflection (second 
derivative = 0) has a large dependence on the angle of inclination. The separation 
between the inflection point, and the maximum and minimum of the second derivative 
respectively are plotted in Figure 51. The separation when the interface is perpendicular 
to the polarization direction changes by 13% when the interface angle is increased from 
0 to 15°. This allows for the identification of its inclination. Unfortunately, in many 
experimental situations this will not be possible since noise is amplified when taking the 
second derivative. However, in principle, if one were to keep noise in the data to a low 
level, then one could extend the ability to calculate the interface angle accurately down 
to 0=0°, especially when scanning an interface perpendicular to the polarisation of the 
light incident on the aperture. It is particularly useful that the relationship between 0 and 
the peak to zero point in the second derivative for this polarisaton orientation is 
approximately linear.
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Figure 52 -  Simulated intensity across a slanted heterojunction where the photoluminescence is 
quenched in a 24nm region either side of the junction. X=325nm, aperture radius = 20nm, tip- 
sample separation = lOnm, refractive index of sample = 1.73+0.067i
This model is quite flexible and can be extended to many potentially more 
complex systems. For example, a thin region of the order of the exciton diffusion length 
either side of a slanted semiconductor heterojunction may show enhanced photocurrent 
and quenched photoluminescence. Simulated photoluminescence linescans across such 
a sample are shown in Figure 52 for a range of inclination angles, 0. In this case there is 
a region of 24nm either side of the heterojunction where rj=0 and outside of this narrow 
band r\ is constant. I do not try to extract any further data from these plots, but do 
suggest that it would be possible to fit experimental curves to these on the basis of 
either the inclination angle or the width of the quenching region.
105
6.2.2 Imaging of buried objects
A further application of this model is to extract information on the properties of 
embedded spherical objects in thin films. These may be either regions of different 
materials (but with similar refractive index, for compatibility with the model) or regions 
of different photoluminescence or photocurrent efficiencies caused perhaps by defects 
or impurities in an otherwise homogeneous film. The inset in Figure 53 shows such a 
geometry and a typical linescan of the signal intensity when the aperture moves across a 
lOOnm thick film containing an inert sphere (y=0) with a diameter of 48nm embedded 
at a depth of 24nm (measured to the centre of the sphere). I seek to quantify some of the 
parameters of the embedded spheres by firstly exploiting the FWHM of their linescans. 
Figure 53 shows the FWHM of linescans across a 22 nm diameter sphere as a function 
of depth, with the incident laser polarisation parallel and perpendicular to the scan 
direction, and compares it with the FWHM of the intensity of the near-field profile in a 
uniform sample. There is a very strong correlation between the two. One would expect 
this for spheres which are significantly smaller than the width of the near-field at their
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Figure 53 • Inset: Schematic of a 48nm diameter sphere of i/=0, embedded at 24 nm in a 100 nm 
deep matrix of i/=l. Superimposed is the signal intensity as the aperture crosses the sphere. The 
light polarization direction is perpendicular to the scanning direction. Main: FWHM of signal 
intensity across a 22nm diameter sphere (circles) and of the intensity profile of the near-field 
(lines) in a uniform film as a function of depth. Results with the polarization direction parallel 
(full) and perpendicular (empty/dashed) to the scanning direction are both shown.
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position, as is the case. However, one would not immediately expect this correlation to 
exist for spherical objects of the same size as the field since they span depths across 
which both the intensity and resolution of the field vary greatly. The results presented in 
Figure 54 are therefore quite surprising. Figure 54(a) plots the FWHM of linescans 
across spheres embedded at two different depths (24nm and 48nm), as a function of 
radius. The FWHM of the object in the image is almost independent of the sphere size 
when less than 50nm diameter, and only changes by 2nm or less if the size is increased 
to 70nm. This is despite the large size of the spheres in comparison to the aperture size 
(40nm diameter) and their close proximity to it. For example, the base of a 50nm sphere 
embedded at a depth of 25nm will be imaged by a field that is about twice as broad, and 
many times less intense than it is at the top of the sphere. It seems that despite this 
asymmetry, the sphere size can be as large as the aperture or even slightly larger without 
affecting its apparent size in the image. This is very important as it means that the size 
in the image (FWHM) of such objects can be used directly to infer their depth -  even if 
the objects under investigation have a spread of sizes.
Once the depth of the sphere is known, its radius can be extracted using its intensity in 
the image. More precisely, by comparing experimental data with a graph such as shown 
in Figure 53(b), where the signal intensity is plotted as a function of sphere radius for 
two different sphere depths. Unlike the FWHM, the intensity of the embedded objects is 
highly dependent on their size, varying over four orders of magnitude for diameter 
changes of just one order of magnitude (for spheres embedded at 48nm). This makes it a 
very sensitive measure of the size of the object.
This simulation has shown that it is possible to infer simultaneously both the depth and 
position of small sub-surface objects using the SNOM. Encouragingly, it should be 
possible to do so at sub-wavelength resolutions, or at least to infer object sizes which 
are sub-wavelength. A model system with which to test these results might be, for 
example, polystyrene nanospheres embedded in a luminescent polymer film. When used 
in combination with accurate modelling, the SNOM does have a lot of potential for 
imaging and tomographic analysis of sub-surface objects, a field which has not yet been 
fully developed.
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7 Lithography of a conjugated polymer with a microthermal probe
7.1 Background and motivations
To this point, the focus of this thesis has been on near-field optical patterning and 
imaging of conjugated polymers. Indeed, most of the attention across the literature for 
nanopatteming of these materials has been directed to optical patterning, either in the 
far- or near-field [74], and to soft lithographies [171]. Surprisingly, however, little 
attention has been paid to thermal and thermochemical patterning. Although interesting 
examples of thermomechanical structuring have indeed been reported [139, 140], with a 
view to the development of high-density, non volatile data storage applications, these 
were limited to the use of a non-optically or electrically active material. Interestingly, 
there may be much to gain from taking a closer look at thermochemical patterning since 
a large number of optically pattemable materials, including many photoresists, rely on 
chemical mechanisms that are also thermally activated. This opens up a variety of 
possibilities for nanopatteming by thermochemical processes, with only one example to 
date of such an example using a scanning thermal probe [172]. In this example, a 
commercial positive photoresist is locally heated in an image reversal mode by a hot 
probe to fabricate structures with 450-1800 nm lateral resolution and exposure times of 
1-60 seconds per pixel. In this chapter I demonstrate patterned structures with principal 
dimensions down to 120nm and ancillary features with minimum dimensions of around 
40nm. These are written with more than an order of magnitude improvement in the 
write speed. I also use finite element simulations to investigate how further 
improvements in resolution may be achieved.
As has been discussed previously, the tetrahydrothiophenium precursor to poly (p- 
phenylene vinylene), PPV, can be insolubilised by either optical or thermal processes. 
To this point I have demonstrated a process of optically insolubilising the precursor 
using the SNOM before washing off the unexposed areas and completing the 
conversion to fully conjugated PPV thermally. However, it would seem feasible to 
bypass the UV illumination step if the precursor could be heated locally. The purely 
thermal conversion process is illustrated in Figure 21. This would avoid the need for 
incorporating lasers and optical components into the process, and in the case of 
apertureless SNOM lithography [138], which has the potential for the ultimate near-
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field resolution, it avoids the problem of prolonged far-field exposure of the region 
around the tip during the lithographic process.
Apertured SNOM probes themselves can be used as micro-thermal sources [158]. 
The metal coating near the apex of the probe absorbs a large proportion of the light that 
is launched into the SNOM fibre (20-30%), causing it to heat up substantially. Probe 
temperatures of more than 200°C have been reported [173]. Whilst this process is 
feasible for lithography, it is not easy to directly control the temperature of the probe or 
the amount of heat transferred to the sample during the experiments since the SNOM is 
typically not operated in contact mode. This is demonstrated very clearly in Chapter
5.4.1 where it is shown that the material under the Jasco probe does not heat up 
substantially during near-field exposure, probably as a result of the specific geometry of 
the high throughput probe.
The thermal probe is one of a number of probes that can be used with scanning 
probe microscopes (SPM). Thermocouple probes [19] were the first thermal probes to 
be developed and allowed the temperature profile of surfaces to be mapped by the SPM. 
The introduction of the resistive probe [174] allowed the possibility of using the probe 
as either a heat sensor or a heat source. As a result, the resistive probe has led to the 
development of the micro-thermal analysis family of techniques [175]. These include 
micro-modulated temperature differential scanning calorimetry (micro-MTDSC), where 
the probe is brought into contact with the area of interest and the temperature is ramped 
and overlayed with a high frequency temperature modulation. The DC power inserted 
into the probe to achieve the temperature ramp can be monitored, along with the 
amplitude and phase response of the sample to the oscillating part of the signal. Also 
included in the family of techniques is localised Fourier transform infra-red 
spectroscopy (FTIR). In this implementation, an infrared spectrometer is used with 
focussing mirrors to locally heat the sample in the vicinity of the probe, whilst the probe 
maps any temperature variations across the sample. Interestingly, thermal probes have 
only once been applied to the field of thermochemical lithography [172]. The 
techniques for fabricating all SPM probes, including thermal probes, are improving. 
Whilst the most common resistive probes (the Wollaston wire probe) are fabricated 
from a thin bent wire, it is also possible to fabricate narrow metal wires at the apex of 
AFM-type probes [176], allowing access to very high resolutions. With the recent 
development of ‘millipede’ arrays of thermomechanical probes [177], high-resolution
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thermomechanical lithography is already showing the potential to become a 
commercially viable technique.
7,2 System overview
In these experiments a customized AFM head was used inside the electronic 
control unit of an Explorer (Veeco Instruments, Cambridge). This system is designed 
for use with a spectrometer for localised Fourier-transform infra-red spectroscopy [178], 
though we do not use this capacity in these experiments. Instead, we only exploit the 
scanning and feedback capabilities of the AFM head and the interfaced temperature 
control box that supplies a current and reads back the voltage from the probe. The 
thermal probe was a Wollaston wire probe [175]. This probe is made from a Wollaston 
process wire, and comprises of a 75pm silver wire surrounding a 5pm diameter 
platinum-rhodium core (10% rhodium). A 50pm section of the core of the wire is 
exposed and bent around to form the probe. This wire acts as a micro-resistor which 
heats up when a current is passed through it. It is the platinum core that is the main 
resistive element, providing about 2Q  of resistance (though dependent on the exact 
length of exposed core). Typically, it is either operated in a constant temperature mode, 
where the change in power into the probe to maintain this temperature is used to map 
the thermal conductivity of the surface. Alternatively, the probe can be used for micro­
thermomechanical analysis [179] or for localized Fourier-transform infra-red 
spectroscopy.
The temperature of the probe is obtained from a measure of its resistance. The 
resistance is translated to a temperature by use of calibration data. To do this, two or 
more points of a known temperature are calibrated with the resistance of the wire, and 
all temperatures in-between are interpolated by fitting a linear function. Therefore, a 
series of local melting point analyses are performed on materials of known melting 
temperatures. An increasing electrical current is inserted into the probe until the 
material under the probe melts -  a phenomenon that can be detected by the deflection of 
the probe into the sample. This tells the user the resistance of the probe at the point of 
contact with the sample at the well-defined melting temperature. Three calibration 
materials were used in these experiments -  poly (caprolactone) (Tg = 60°C), poly 
(methyl methacrylate) (Tm = 150°C) and poly (ethylene terephthalate) (Tm = 262°C) - 
with room temperature serving as a further calibration point. This gives a calibration to
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an accuracy of +/-10°C when using a ramp speed of 25°C/s. This error can be reduced 
by using slower ramp speeds, but is more than the accuracy required to maintain a 
suitable probe temperature for lithography.
7.3 Kxperimental results
An example of isolated lines of PPV drawn at a probe temperature of 230°C and 
at a scan speed of lOpm/s is shown in Figure 56. The resolution achieved here is 
120nm, which is already very good -  especially given the large dimension (5pm 
diameter) of the probe. The line itself has some interesting structure to it, revealed in the 
central image of the same diagram. There is a small depression at the centre of the line 
of only about 3nm, but running along its entire length. The width of this depression is 
just 40nm and represents the finest scale feature of the line. This can most likely be 
attributed to a thermomechanical effect. Although the lithography is dominated by a 
thermochemical reaction, at 230°C the polymer is softer than at room temperature so 
the (small) force of the contact of the hot probe can cause some thermomechanical 
deformation of the film during scanning. Minimal force of the probe on the sample was
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Figure 55 -  A schematic of the Wollaston wire probe and the system hardware.
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sought by adjusting the deflection set-point to the minimum value that allowed the 
probe to stay in contact with the surface.
7.3.1 Effect of exposure time
Figure 57 shows the height of the linear features as a function of the scan speed. A 
trend can be seen towards larger heights at slower scan speeds. This is as one might 
expect, since the slower scan speeds give longer exposure times, thus allowing a greater 
proportion of the polymer to be converted. Much of the unconverted precursor can be 
washed off during the development step. It has been shown elsewhere [146] that the 
height of lithographic features in PPV can be increased, if desired, by dipping the 
developed sample into the precursor solution and rinsing before baking it a second time. 
Some of the precursor polymer is absorbed into the existing features and after the 
second baking the feature height can be more than 250nm -  though at some loss in 
lateral resolution.
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Figure 56 - AFM image o f separated lines drawn in PPV. The lines were drawn at a temperature o f 230°C  and at a scan speed o f  lOpm/s. The middle image is an enlarged 
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Figure 58 shows features produced by raster-scanning the probe at 300°C and 
lOOpm/s on the PPV precursor. We know from the data presented in Figure 57 that this 
scan speed leads to a significant under-exposure of lithographic features. The 
consequences of this are evident in the image, despite the slightly higher probe 
temperature. Apart from the low feature height already mentioned, these lines are not 
well reproduced and have moved somewhat from their original positions during the 
development steps. It seems that the under-exposed lines are not well-anchored to the 
substrate, presumably due to a low conversion ratio of the precursor. This is particularly 
evident on the left-hand side of this image. After the raster-scan was completed and 
before the development, the probe was scanned across the area one last time. This line is 
visible running from top-right to bottom-left of the imaged region. Where this line 
intersects the lines formed by the raster-scan, the feature height approximately doubles. 
We expect that the under-exposed lines do not retain as much of the material as fully- 
exposed lines, therefore, by scanning a second line on top of the first ones we increase 
the proportion of material retained and hence the resulting feature height. This forms a 
row of dots where the lines intersect. With careful optimisation of the scan speed and 
probe temperature, this could prove a fruitful method for rapidly fabricating arrays of 
dots on either a square or hexagonal lattice.
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Figure 57 - The height of the isolated lines plotted as a function of the scan speed. All lines were 
written with a probe tem perature of 230°C
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Figure 58 - AFM image of features produced by raster-scanning a 300°C probe at 100 pm/s over a 
100 x 100 pm area.
116
7.3.2 Thermomechanical effects
A further example of raster scanning a 100x100pm area of PPV is shown in 
Figure 59, where the film is approximately the same thickness (~25nm converted 
feature height), but the probe is at the somewhat higher temperature of 600°C. It should 
be noted that at this temperature it is likely that the polymer in direct contact with the 
probe will have been thermally damaged. The lines in this case are not isolated - due to 
the overexposure. Instead, the result of the lithography is a region of converted PPV 
with a corrugated pattern on the top -  where the corrugation corresponds to the scan 
lines. The interesting feature of this figure is the material which has built up at the edges 
of the scan area. It has already been suggested that the probe sinks slightly into the hot 
polymer film during the lithography, and at these higher temperatures it appears to do so 
more noticeably with the corrugation having a peak to trough height of ~8nm. (At 
230°C a sinking of just 3nm was observed.) As the probe sinks into the film, some 
material must be pushed out to the sides of the contact area, though subsequent scan 
lines would move some of this material back. If this is the case, one would expect both 
the first and last scan lines to be higher and wider than the rest, as the material built up 
here is not re-shaped by the other scan lines. This is indeed observed in the top-right 
image in Figure 59. We also observe a large build-up of material at the slow-scan edge 
of the region (Figure 59, top-left image). The build up here is higher than at the fast- 
scan edge. This is to be expected since the size of the contact area of the probe is several 
times greater than the separation in the scan lines. Therefore, material accumulating at 
any one point on this edge is a result of material moved during several scan-lines, 
causing an even larger build up of material (85nm, compared to just 45nm at the fast- 
scan edge).
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Figure 59 - AFM images of a feature produced by raster-scanning the 600°C probe over a 100 x 100 
pm area. The image in the top-left shows the slow-scan edge of the region. The image in the top- 
right shows the fast-scan edge. The bottom images are a linesection through the centre of the 
region.
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7.4 Modelling the temperature profile around a Wollaston wire probe
7.2.1. The thermal diffusion equations
Thermal diffusion is a combination of three phenomena: conduction, convection 
and radiation. In this problem, conduction between the contact area of the probe and the 
sample, and radiation between the probe and the sample were considered. The equations 
that govern these processes derive from the Fourier law of conduction and the Stefan- 
Boltzmann law for radiation [180].
Conduction:
f)T
p C  V V • (—kVT) = Q Equation 33
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Where: p is the density of the material 
C is its heat capactiy 
T is its temperature
k is its thermal conductivity (which we will from this point on assume to be 
independent of temperature, for simplicity)
Q is a heat source or sink
Radiation:
J  = yG + £ C fT A Equation 34
Where: J  is the net outward heat radiation
y is the reflectivity of the surface
G is the inward heat flux on the surface
s is the emissivity of the surface
a is the Stefan-Boltzmann constant
In general, a Dirichlet boundary condition imposes a value on the solution at the 
boundary, whilst a Neumann boundary condition imposes a value on the derivative of
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the solution at the boundary. Boundary conditions in thermal diffusion problems can 
either be of the Dirichlet type (T=To) or Neumann type ( - n - q  = q0, where n is the
normal to the boundary and g is the heat flux vector).
7.2.2. Finite element model of the lithographic resolution
For the finite element analysis, the COMSOL Multiphysics package was used 
with the additional Heat Transfer Module. The geometry of the problem solved is 
shown in Figure 60. Partly due to the fact that the radius of curvature of the bend in the 
wire probe is much greater that the radius of curvature of the cross-section of the wire, 
and also because the scan direction is in the plane of the bent wire, a two dimensional 
geometry was adopted. In this geometry the probe is modelled as a cylinder lying flat on 
the film. The probe temperature was fixed at 230°C, whilst the substrate boundaries 
were fixed at room temperature. In the absence of any data on the thermal properties of 
the PPV precursor (which would be difficult to measure due to the chemical conversion 
that would occur during the course of the measurement), the thermal constants of the 
common polymer poly (methyl methacrylate) (PMMA) were used. The relevant thermal 
properties of the PMMA layer were: k = 0.19 W/mK, p = 1190 kg/m3 and Cp = 1420 
J/kgK. For the quartz substrate these values were: k = 3 W/mK, p = 2600 kg/m and Cp 
= 820 J/kgK12.
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Figure 60 -  A schematic of the geometry employed for the finite element model. It should be noted 
that this is a two dimensional model with the probe is modelled as a cylinder going into the page.
12 T hese values were obtained from the COM SOL M ultiphysics materials library.
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The amount of heat transfer by conduction to the sample is heavily dependent on 
the probe-sample contact area. To allow the model to accurately describe the 
experiment, the probe was embedded 3nm into the substrate -  consistent with the 
observation of a ~3nm indentation on the top of lithographic features such as the one 
shown in Figure 56. This means that the width of the contact area is actually 244nm.
Both heat conduction and surface to surface radiation between the tip and the 
sample were considered. Though included in the model, the effect of the radiation was 
found to be negligible at these temperatures, even if using a value for the emissivity of 
the probe, e, of unity. By forcing the probe to unrealistically high temperatures it was 
possible to make radiation heating noticeable in the simulation, but the low impact of 
radiation heating of the sample at the experimental temperatures is a direct result of the 
T4 dependence of the radiation intensity which is evident from Equation 33.
Figure 61 shows the temperature profile in the film and substrate predicted by this 
model. The two plots show the temperature profile immediately after the tip is brought 
into contact with the film, t=0 (left), and the steady state solution (right). Both plots are 
included since the true solution is likely to lie somewhere between these. The t=0 
solution does not account the finite amount of time which the probe is in direct contact 
with any one part of the film. The steady state is only reached over a time period much 
greater than the experiment. The time of contact of the probe with any one point on the 
surface is approximately 100ms when scanning at 2pm/s, but the probe is in contact 
with the other areas of the sample for typically several minutes which can also modify 
the local temperature profile. More detailed data on the time-dependence of the 
temperature in the sample is presented in Figure 62 in the form of horizontal (left) and 
vertical (right) cross-sections of the temperature in the sample. It is evident that 
differences in temperature of 100K or more exist between the t=0 solution and steady 
state solution -  especially at points far from the contact area of the probe. Figure 63 
plots the temperature at two selected positions as a function of time. The two positions 
studied are on the surface of the PMMA film at distances of lOnm (left) and 500nm 
(right) from the contact area of the probe. As one would expect, at smaller distances 
from the contact area the temperature approached the steady-state much more quickly 
than at larger distances. At lOnm from the contact area, more than half of the 
temperature increase is achieved in the first 10 microseconds.
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Figure 61 - Contour plots of the tem perature profile when the probe just comes into contact with 
the sample (t=0, left) and the steady state temperature profile (right). Contours are plotted every 
20K.
In fact, if a method for estimating the resolution of the technique (the primary 
objective of the modelling) is employed similar to that used for SNOL (Chapter 5.3), 
the steady state and t=0 solutions give the same result. This method assumes that the 
highest resolution features obtained have been converted to a critical level at the base of 
the film, allowing them to remain anchored to the substrate during the development 
steps. The contour of this critical temperature which just intersects the polymer-quartz 
boundary defines the size of a critical insoluble core of the lithographic feature. Though 
the value of the temperature of this contour changes significantly between the t=0 and 
the steady state solution, the width of the critical insoluble core does not. The critical 
core width predicted by the model is 274nm. This is larger than the minimum feature 
size demonstrated. However, during the vacuum baking step that achieves full 
conversion of the patterned precursor to PPV, the features shrink by up to 50% in 
volume due to elimination of the tetrahydothiophene group. Further analysis of 
published features produced by SNOM lithography [146] reveals that shrinking of the 
features during thermal conversion is mostly in the lateral dimension rather than the 
vertical one. A lower limit on the lateral resolution can therefore be placed at about 
137nm. This is close to our highest resolution of 120nm FWHM. Despite this 
reasonable agreement between the model and experimnent, the limitations of this 
critical core approach to the predicted resolution should be re-iterated. Firstly, polymer 
chains may extend from the core into a gel phase around the core which contributes to 
the volume of the feature. Secondly, not all of the material in the core is converted, and 
equivalently some of the material outside of the core is converted. Material inside the 
core may be lost during the rinsing step of the process, whilst not all of the material
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outside the core will be removed. The balance of these effects could make the features 
in the experiment either slightly smaller or slightly larger than those predicted, 
depending on which of these effects wins out. Despite this, a good correlation is 
obtained with experiment and it remains a reasonable method to compare achievable 
resolutions whilst varying parameters such as film thickness or material properties.
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Figure 62 -  Horizontal (left) and vertical (right) sections of the tem perature profile through the 
polymer and substrate for the geometry in Figure 60. The initial, steady state, and some 
intermediate transient solutions are plotted.
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Figure 63 -  The temporal dependence of the tem perature at two points on the top surface of the 
PMMA: at lOnm from the contact area (left) and at 500nm from the contact area (right).
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7.2.3. Routes to the ultimate resolution of scanning thermochemical 
lithography
It is evident from the modelling results presented up to this point, that the 
lithographic resolution has been hampered by the sinking of the probe into the polymer 
film. To investigate the limits of the technique, a geometry was studied where there was 
no such sinking. The contact area of the probe was just one point on the finite element 
mesh. Though somewhat idealised, this does represent what one might obtain with a 
‘perfect’ probe on a flat hard surface.
From the contour plot of the steady states solution to this problem in Figure 64, 
one can compute a critical core diameter for the 20nm thick film of 82nm (or 41nm if a 
50% lateral shrinkage of the feature occurs during baking). This is a significant 
improvement on the lithographic resolution of the sunken probe. Likewise with SNOL, 
further resolution improvements should be achieved by moving to thinner films.
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Figure 64 - Contour plot of the initial tem perature profile when the probe is in contact with the 
surface, but does not sink into the film. Contours are plotted every 20K.
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film when there is no sinking of the probe into the sample (Figure 64). (right) A vertical section 
through the same tem perature profile.
Both horizontal and vertical sections of the temperature profile are shown in 
Figure 65. The vertical profile reveals that, for this idealised probe, 50% of the 
temperature is dropped in the first two nanometres, whilst the FWHM of the 
temperature profile at the surface is just 4nm. Despite the idealised probe, this is a clear 
indication that huge improvements in resolution could be achieved by avoiding the 
sinking of probes into the resist and by using ultra-thin resist films. Taking this further, 
one can show that the width of the probe-sample contact area, jc, is
jc = 2>/2Rd - d 2 Equation 35
for a probe with a radius of curvature R, which has deflected a distance, d, into the 
sample. In Figure 66 the width of the contact area is plotted as a function of the probe 
deflection for a Wollaston wire probe with a radius of 2.5pm. The importance of this 
effect is evident, and is especially important for small deflections. For example, the 
features in Figure 59 show a deflection of the probe into the sample of at least 8nm, 
corresponding to a contact area of 400nm. The lines of this raster scan are separated by 
just ~230nm, so it is no surprise that the lines of this raster scan are conjoined.
The results of Figure 66 are also of consequence for the resolution of the local 
melting temperature analysis technique. In this technique, the probe deflection is 
monitored whilst ramping its temperature. When the temperature reaches the melting 
point of the sample material, the probe sinks into the sample. The deflection of the
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probe into the sample is detected and the melting point inferred. This technique is useful 
because of its high spatial resolution and the ability to measure melting points at 
different locations on the surface of the same sample. However, this data shows that the 
limit on the resolution of this technique when used with a wire probe is caused by the 
ability of the apparatus to detect small deflections and therefore keep the contact area of 
the probe to a minimum.
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Figure 66 -  A plot of the contact area of the probe as a function of its deflection into the sample for 
a cylindrical probe with a radius of curvature of 2.5pm
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8. Photoluminescence mapping of polymer micro- and 
nano-structures: work in progress
8.1 Photoluminescence imaging of a polymer blend
The nature of the phase separation in conjugated polymer blends is of vital 
importance to photovoltaic device performance. By selecting two polymers to blend 
together, one can introduce a dispersed heterojunction in the device with an energy level 
offset to aid exciton splitting whilst also providing both an electron and a hole 
transporting material ([116] and Chapter 4.2.3). Blends of conjugated polymers 
typically exist in an equilibrium of two phases of different composition, with the phase 
separation driven by their low entropy of mixing. This has important consequences for 
device performance, since both the efficiency of exciton splitting and the efficiency of 
charge collection by the electrode are composition dependent. It is therefore reasonable 
to consider that in a phase separated blend some regions of the blend will contribute 
more to the photocurrent than others. The ability of the SNOM to spatially resolve 
topographical, photoluminescence and photocurrent properties of devices [53, 56, 145] 
is therefore a very powerful tool for understanding the role of phase-separation in 
device performance.
Here I present data on a system of two polyfluorenes - poly(9,9’- 
dioctylfluorene-alt-benzothiadiazole) (F8BT), and poly(9,9’-dioctylfluorene-alt-bis- 
N,N’-phenyl-l,4-phenylene-diamine) (PFB), the absorption and photoluminescence 
spectra for which are shown in Figure 67. The energy level offsets for these materials 
are 0.8eV for the HOMO and 1.24eV for the LUMO [181]. This is enough to favour 
exciton splitting, which can be observed in the quenching of the photoluminescence 
efficiency of the blend. In addition, PFB has a high hole mobility [182], whilst F8BT 
has a much higher electron mobility than other polyfluorenes [183].
Phase separation is evident in the morphology blends, and AFM has become a 
favoured technique for investigating phase separation, including for the PFB:F8BT 
system [181, 184]. These studies showed broadly that the external quantum efficiency 
(EQE) of devices was significantly enhanced when the length scale of the phase
127
separation was reduced, something which could be done by altering the temperature or 
the solvent used during spin coating. However, AFM can only give topographical 
information (and mechanical information through the phase). Information on the 
composition of the phases relies on other techniques. Photoluminescence is a useful 
property for probing the composition of such a blend, and the SNOM offers high 
resolution photoluminescence mapping. As such, there have been several previous 
SNOM studies of PFB:F8BT blends, mapping the topography with either photocurrent 
[55], photoluminescence [184] or both [57]. All of these investigations indicate that the 
raised regions in the blend are rich in F8BT.
Figure 68 shows photoluminescence images (collecting in the range 525-575 nm) 
of such a blend when excited equally at 350 nm and 363 nm with an argon ion laser. 
The excitation wavelength is preferentially absorbed by the PFB, with absorption 12% 
higher; whilst photoluminescence was collected in a band preferring the F8BT (with 
F8BT showing three times the spectral overlap with the collection window compared to 
the PFB). Overall, the photoluminescence process (absorption and emission) should 
occur preferentially in F8BT over PFB by a factor of ~1.7. This is different from 
published studies of the same blend, where typically photoluminescence from just one 
polymer is excited and collected [29].
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Figure 67 -  Absorption (left) and photoluminescence (right) spectra of the polymers PFB 
(dotted lines) and F8BT (solid lines). Overlaid are the excitation (blue) and collection (grey) 
wavelengths.
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Figure 68 -  AFM (top left), SNOM topography (top right) and SNOM photoluminescence (bottom 
left) of a PFB:FSBT blend (1:1 by weight). The bottom right image shows the PL image overlayed 
on the 3D topography. It should be noted that the top left image was obtained from a sample 
prepared with a different batch of polymers.
Despite the relatively low material contrast, there is still significant contrast in the 
photoluminescence image (Figure 68). Bright areas may indicate regions rich in F8BT, 
though contrast may also be affected by changes in the local photoluminescence 
efficiency that may be lowered, for example, by exciton splitting at the diffuse 
heterojunction. Previous studies [55, 57, 184] have shown that high regions in such 
blends are F8BT rich, whilst lower areas are PFB rich. In this case there is no 
correlation between topography and photoluminescence signal, so it is likely that local 
quenching effects dominate.
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8.2 Photoluminescence imaging of supramolecular polvrotaxane fibres
Whilst blends of conjugated polymers offer a comparatively straightforward and 
useful way of optimising device properties such as charge splitting (or re-combination) 
and electron and hole transport, non-covalent interactions between molecules allow the 
benefits of highly ordered architectures to be explored. In photovoltaics, for example, n- 
n stacking of small organic molecules has been highly successful in controlling both 
charge separation [185] and transport in photovoltaics.
Rotaxinated polymers consist of conjugated polymer chains partially encased by 
insulating cyclodextrin rings (Figure 69). This has led to the use of the terminology 
‘insulated molecular wire’ to be used for such a system. Stoppers at both ends of the 
chain prevent unthreading of the cyclodextrin rings. The effect of these cyclodextrin 
rings is to prevent co-facial alignment at small separations of the conjugated backbones 
of adjacent polymer chains. Co-facial alignments are detrimental to the luminescence 
quantum yield [186], degrading the performance of polymer LED devices in which such 
aggregation occurs. Arrangements where the conjugated systems are separated by larger 
distances show higher luminescence quantum yields. The presence of the cyclodextrin 
rings on a rotaxanated polymer certainly separates adjacent polymer chains, as is 
supported by SFM studies of spin-cast films [187]. However, to be used in devices there 
must be some points of contact between polymer chains to allow charge hopping. 
Whilst much of the polymer backbone is insulated, it is believed that there is a 
distribution of threading ratios along the chain allowing some parts of the chain to 
remain exposed. This would permit some close-contact between exposed portions of the 
chains that is believed to allow charge transfer between polymers by hopping, thus 
maintaining charge transport pathways in devices. Interactions between the terminal 
groups on the chains may also be partly responsible for charge transport [187]. Some 
evidence of the reduction in intermolecular interactions is seen in SFM images. 
Additionally, it is hoped that the presence of the cyclodextrin might favour co-facial 
chains to align at an almost perpendicular angle to one another, rather than parallel. 
Perpendicular alignment of adjacent 7i systems should not cause any quenching of the 
luminescence [186].
It would be very interesting to gain an understanding of how insulation affects the 
charge transport mechanisms in insulated molecular wires by connecting individual
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chains between nano-electrodes. As a first step towards this ambitious goal, some 
insight may be gained by depositing supramolecular assemblies of these polymers 
between electrodes.
Work has been done by Dr Palermo13 where an electric-field-assisted deposition 
technique is used deposit one such rotaxanated material controllably between gold 
electrodes. The interdigitated electrodes were fabricated on a SiOx/Si substrate with an 
inter-electrode gap of 10pm and a gold thickness of 30nm (with 5nm of titanium to 
improve adhesion). In the study, the electrodes were dipped in a chloroform solution of 
the rotaxane for several hours whilst applying a range of DC and AC voltages. By 
tweaking the voltage, frequency, orientation (with respect to gravity) and solvent 
polarity, aggregates of the polymer could be deposited either on or in-between the 
electrodes. Examples of deposition patterns under DC fields are shown in Figure 70.
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Figure 69 -  Chemical structure of the organic soluble polyrotaxane imaged (top) and its absorption 
and photoluminescence spectra (bottom). Absorption and photoluminescence data are from 
unpublished data of Dr Wilson14
13 Istituto per la Sintesi Organica e la Fotoreattivita, Consiglio Nazionale della Ricerche, Bologna, Italy
14 Department of Physics, Imperial College London, London, UK
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Figure 70 -  Optical micrographs provided by Dr Palermo of structures produced by 
electrodeposition of the organic soluble polyrotaxane from chloroform solution (O.lmg/ml) onto 
interdigitated gold electrodes at DC voltages of a) 2V, b) 4V and c) 5V. The upper electrode is held 
at the positive voltage, and the arrow  in b) indicates the orientation of the structure with respect to 
gravity during the deposition.
The SNOM was used to map the photoluminescence of one such sample (Figure 
71). The excitation wavelength was at 325nm and a long-pass filter was inserted into the 
collection optics to ensure only the photoluminescence was collected (Figure 69). 
Collection was done in reflection due to the opaqueness of the silicon substrate. The 
topography (top image) reveals a complexity to the supramolecular structure, which
132
runs between and roughly parallel to the electrodes. Note that the large object in the top- 
right comer of the image is most likely some dirt, though it probably has some polymer 
on it giving rise to the photoluminescence. One of the noticeable features (particularly 
in the topography) is a number of circular vacancies in the polymer structure which are 
sometimes more than a micron across. It has been suggested that these are the result of 
gas bubbles forming on the Si/SiOx surface during the electrodeposition. 
Electrochemical etching of silicon surfaces has been known to cause hydrogen bubbles 
to form on the silicon surface which can act as unwanted masks during the etching 
process [188]. If it proves to be the case, then this could be a limitation to the 
effectiveness of the technique for controllably depositing given structures. The 
photoluminescence image (middle image of Figure 71) shows that the polymer has 
retained its luminescent properties during the deposition process. However, it also 
suggests that some areas have retained their luminescence better than others. Areas 
where the topography shows evidence of the polymer, but little or no luminescence is 
detected are marked with red circles. Areas where only a small amount of polymer is 
detected in the topography but is highly luminescent are ringed in blue. It is not entirely 
clear from these images why this might be the case. It is possible that there has been 
some damage to the polymer during the electrodeposition process, perhaps by 
scavenging of the conjugated backbone by any evolved gases. Equally possible is that, 
in the less luminescent areas, the conformation of the supramolecular structures is 
different, favouring co-facial it electron interactions and hence non-radiative decay 
processes.
In future work, it would be interesting to take this a step further and try to 
measure the local photocurrent on Fibres that span the two electrodes. This could 
provide useful information on the charge transport properties of a number of 
supramolecular configurations, both with these polymers and other novel materials. It 
may also be possible to look for polarisation in the photoluminescence as a sign of chain 
orientation, by inserting a polariser into the collection optics. Equally, a polarisation 
conserving probe could instead be used to detect chain orientation through the polymer 
absorption.
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Figure 71 -  Topography (top) and photoluminescence (centre) of polyrotaxane structures electro­
deposited between gold electrodes. The bottom image shows the photoluminescence overlaid on the 
topography, with highly luminescent areas in green.
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8.3 Photobleaching of conjugated polvrotaxanes
All conjugated polymers suffer from photobleaching effects. The nature of 
photobleaching processes in conjugated polymers are of vital importance to the polymer 
electronics industry as they can cause serious degradation to the efficiency of devices 
during their lifetime. Photobleaching is particularly acute in the presence of oxygen and 
water which can react with conjugated backbones to form carbonyl groups [189]. This 
underlies the importance of processing conjugated polymers in oxygen and water free 
atmospheres, and effectively encapsulating their devices before operation.
The cyclodextrin rings on rotaxanated dyes are known to minimise the effects of 
photoluminescence (PL) quenching by certain foreign chemical species [190]. In these 
cases, the cyclodextrin ring, which does not interfere with the optical properties of the 
dye itself, forms a physical barrier to the foreign species thus making the 
supramolecular assembly more stable to the foreign quencher than the isolated dye 
molecule. As has been discussed already, cyclodextrin rings around conjugated 
polyrotaxanes also prevent quenching of luminescent sites by disallowing co-facial 
configurations of adjacent chains [186], resulting in higher photoluminescence and 
electroluminescence efficiencies [187]. However, it is not so clear whether the 
cyclodextrin rings should have such a stabilising effect on photobleaching processes, 
since the presence of the cyclodextrin does not completely shield the polymer from 
incident light. Some results have been reported indicating a photostabilising effect of 
cyclodextrin rings on the absorption of a cyanine dye in solution [191], but it is not 
known if this result extends to all rotaxanated compounds in solution or the solid state.
To study photobleaching of the polyrotaxanes, I used a HeCd laser (325nm, 
~0.4W/cm2) to excite photoluminescence from a number of spin-coated films (~100nm) 
of rotaxanated polymers (and for comparison, their non-rotaxanated counterparts). The 
evolution of the photoluminescence spectra was recorded with an Ocean Optics CCD 
spectrometer at regular time intervals over periods of up to an hour or more. To 
eliminate the possibility of small fluctuations in laser intensity affecting the 
measurements, the laser power was monitored during the experiments. It was found to 
be constant to within a range of +/-3%. The structures of the polymers themselves are 
shown in Figure 72, where the backbone is a conjugated poly(diphenylene vinylene)
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(PDV) structure and the cations (marked [M]+) are Li+ and tetra methyl amonium 
(TMA+) for the two materials studied here. The cyclodextrin (CD) ring is a (3-type. The 
polymers are used in both the rotaxanated (P-CD-PDV-Li and P-CD-PDV-TMA) and 
non-rotaxanated forms (PDV-Li and PDV-TMA).
Two effects on the photoluminescence spectra were noticed during the 
irradiation. Firstly, there was a change in the total intensity of the photoluminescence. 
Secondly, there was a detectable change in the shape of the photoluminescence spectra. 
The total photoluminescence intensity collected as a function of irradiation time is 
plotted in Figure 73. It should be noted that the PDV-TMA sample photoluminescence 
bleached extremely rapidly (at least initially), so was irradiated at 10% of the power of 
the other three polymers to make it feasible to collect all the necessary data.
The degradation of the PL recorded here is clearly a complex process. Not all of 
the samples showed a decrease in PL intensity from the start. Apart from the PDV- 
TMA, all of the samples showed an initial increase in the PL intensity before bleaching 
became dominant. This is likely to derive from an annealing effect by the laser 
absorption causing heating of the film. Spin coating forces the solvent to evaporate very 
rapidly, often freezing the polymer film in a non-equilibrium glassy state. Annealing, 
usually on a hot plate in nitrogen atmosphere, can allow the polymer to find a more 
energetically favourable configuration. In this case, annealing may help adjacent strands 
to align perpendicularly, for example, reducing the effect of quenching caused by 
cofacial alignment. It also helps for the removal of residual water from the films after 
spin coating.
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Figure 72 -  A generalised chemical structure for poly(diphenylene vinylene) (PDV) rotaxanes. The 
[M f represents a cation (either lithium or tetra methyl ammonium (TMA) in our case).
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Initially (after the annealing had ceased), the degradation rate was faster for PDV- 
TMA and slowest in the PDV-Li. The two rotaxinated polymers fall somewhere in the 
middle. The presence of the cyclodextrin rings does clearly affect the bleaching rate, but 
in different ways for the two polymers. However, when looking at longer time scales, 
things change. In all cases, the decay of the PL intensity at long periods of exposure 
approximates well to a power law decay (intensity, I = A tn ) -  showing a straight line 
on the log-log scale. This, in itself, is curious. Photobleaching and photoluminescence 
degradation generally occurs with an exponential trend, including in the case of other 
rotaxanated molecules [191]. An inspection of the power, n, fitted to the power law 
decay (Table 1) shows that over long time periods, the rotaxanated polymers actually 
show a more rapid photobleaching effect than their reference polymers.
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Figure 73 -  PL intensity during photobleaching of the four polymers studied, plotted on a log-log 
scale
n
p-CD-PDV-Li 1.60
p-CD-PDV-TMA 2.02
PDV-Li 1.10
PDV-TMA 0.23
Table 1 -  The power law fit parameter for the tail of the photobleaching plots.
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The evolution of the PL spectra of the rotaxanated polymers and their reference 
polymers is shown in Figure 74 and Figure 75. In most cases there is a blue-shift in the 
spectra during the exposure. For photobleaching processes, this is observed throughout 
the field of conjugated polymers. The introduction of quenching defects caused by the 
bleaching will reduce the effective conjugation length of the polymer - much like in the 
discussion of the blue-shift of PL spectra when heating conjugated polymers (Chapter 
5.4.1), a reduction in conjugation length causes a widening of the energy gap. However, 
there are also more intricate processes involved. When an exciton is excited optically in 
a conjugated polymer, it relaxes to progressively lower energy states until it finally 
decays either radiatively or non-radiatively. In fact, the relaxation time in conjugated 
polymers is quite short compared to the exciton lifetime, resulting in the luminescence 
coming predominantly from the low'est energy excited state. This gives rise to the 
Stokes shift between the absorption and PL spectra. The energy of an exciton can be 
used to excite molecular oxygen to react with the polymer. The vastly greater 
occupation probability of the lower energy sites on the polymer chain means that these 
are bleached at a much greater rate than the higher energy sites [192, 193]. This is an 
additional cause of the blue-shift of the PL spectrum. In all cases presented here an 
increase in the prominence of the higher energy peaks of the PL spectrum is observed. 
A decrease in the prominence of the low energy edge of the spectrum is mostly 
observed, although for the PDV-Li and the P-CD-PDV-TMA, there is a small increase 
at the longest timescales. As photobleaching progresses, exciton migration becomes 
more difficult, and one would expect PL spectra to bleach more uniformly due to a more 
uniform occupation probability of the density of states.
During the supposed annealing stage, there is also a blue-shift of the spectra. 
This may, of course, be partly due to annealing that is occurring simultaneously with the 
photobleahing. However, one would expect annealing to cause a red-shift of the spectra. 
This is because it can allow some degree of order to develop in the film, which was 
most likely frozen in a glassy state as the solvent rapidly evaporated during the spin- 
coating. If this ordering encourages cofacial configurations, the strong interchain 
interactions lead to a red-shift of the lowest optically allowed transition [186]. It would 
therefore seem much more likely that this blue-shift is a result of the photobleaching 
process that is also occurring during the annealing.
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Figure 74 -  Evolution of the photoluminescence spectra of the rotaxanated polymers during the 
supposed laser annealing [(a) and (c)] and during the photobleaching [(b) and (d)]. All spectra have 
been normalised to their maximum value.
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Figure 75 - Evolution of the photoluminescence spectra of the reference polymers during the 
supposed laser annealing [for the PDV-Li (a)] and during the photobleaching [(b) and (c)]. All 
spectra have been normalised to their maximum value.
The photobleaching of the PL in these polyrotaxanes is clearly a complex 
phenomenon. It involves more than one effect, with competition between PL efficiency 
enhancement by a proposed annealing process and photoluminescence degradation 
effects. The emitted intensity is not only dependent on the efficiency with which the 
polymer luminescences, but also the efficiency with which it absorbs. Although the total 
absorption was not measured in these experiments, the transmittance of the sample was 
observed to increase in all cases -  even during annealing. Whether the apparent power 
law decay of the intensity during bleaching is characteristic of an as yet unidentified 
effect or is just the net result of a number of competing processes remains to be seen. 
Further studies could start by investigating pre-annealed films to decouple that effect
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from the photobleaching. An accurate recording of the absorbed intensity during 
bleaching would also complement this data.
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9. Summary and Outlook
In this dissertation I have shown several examples of the application of SNOM to 
conjugated polymers, with particular attention being placed on its use as a lithographic 
tool. The results presented in Chapter 5 of this thesis on scanning near-field optical 
lithography (SNOL) show that a sub-wave length resolution can be achieved by negative 
resist direct patterning of conjugated polymer thin films. Results on three different 
conjugated polymers were presented, and experiments were performed to confirm that 
the lithography was indeed optical in nature and was not caused by thermal effects from 
the hot SNOM probe. Thermal expansion effects in high throughput commercial probes 
were characterised and it was found that probes bought from Jasco Inc. showed a 
surprising shortening of the taper region when heated by the laser injected into the fibre. 
Simulations were used to investigate the role of the sample properties in limiting the 
resolution of SNOL. Both the polymer film thickness and the substrate material were 
found to be key parameters.
In Chapter 6, the Bethe-Bouwkamp model of the near-field around a sub­
wavelength aperture was used in a simulation study to investigate both imaging artifacts 
and the imaging of sub-surface structure. Artifacts due to the path of a SNOM probe 
operated in constant gap mode over topography were studied and a class of artifacts was 
reported. Specifically, it was found that an object in the vicinity of a larger 
topographical feature can appear distorted and displaced in SNOM images. It was 
demonstrated that the SNOM can be used to investigate slanted heterojunctions and that 
the slant angle can be determined from images by fitting to simulation data. It was also 
shown that buried objects can be characterised in terms of their size and their depth by a 
single SNOM scan. This is a much less exploited side to SNOM imaging, due to the 
lower signal levels and lower resolution obtainable when investigating buried objects; 
however, it should be possible and would be interesting to design experiments to test 
this -  perhaps using polystyrene nanospheres in a luminescent conjugated polymer thin 
film. This type of sample may also be used to look for the predicted topographical 
artefacts.
The SNOM images presented in Chapter 8 provide some examples of how the 
SNOM is a powerful instrument for investigating supramolecular polymer structures.
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The examples show photoluminescence contrast in a conjugated polymer blend and 
photoluminescence from supramolecular structures deposited between electrodes. In the 
latter case, the next step would be to map the photoluminescence and photocurrent 
simultaneously across the fibres (which span planar electrodes) to gain some insight 
into exciton splitting and charge transport in the fibres.
Over the past decades, SNOM has become an established instrument of nano­
optics, though perhaps it has not been quite as successful as many might have predicted 
when it was first introduced. As a serial scanning probe technique it is not as 
straightforward to implement as far-field optical techniques and image acquisition is not 
so fast, though it does benefit from much enhanced resolution. Accordingly, it has 
mostly remained a research laboratory instrument. In fact, far-field techniques are even 
matching the resolution of SNOM in some instances. Stimulated emission depletion 
(STED) fluorescence microscopy [194], for example, is capable of at least 35nm 
resolution in the far-field. This does not mean, however, that the SNOM is going to be 
replaced. Much like the SNOM, sub-diffraction limit far-field microscopies are limited 
to certain samples and can extract only certain information. The SNOM will remain an 
instrument of choice for samples which are not suitable for far-field imaging or where 
simultaneous topographical and optical information are required at high resolution, and 
for less conventional experiments, such as photocurrent mapping or where the probe is 
simultaneously used as an optical probe and as a heat source to apply a local electrical 
bias [58]. Emerging and future probe designs, probably based around AFM-type 
cantilevers, may allow more multi-functionality, less tip wear and even higher 
resolutions -  possibly creating further applications for the SNOM.
Scanning near-field optical lithography (SNOL) has been shown in this 
dissertation to be a useful tool for investigating processes occurring during near-field 
lithography, and for exploring the ultimate limits of near-field techniques. As many 
electrical and optical components are now manufactured in a top-down approach with 
nanoscale dimensions, there is a resurgence in interest in novel lithographies for 
industry. However, the serial nature of SNOL in particular has kept it away from 
industrial application. Contact mask lithographies, on the other hand, have recently 
started attracting much more interest as high throughput nano-lithography techniques -  
nano-imprint lithography (NIL) has attracted a particularly large amount of industrial 
interest. A contact mask near-field optical lithography is a simple variation on this
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theme and has been demonstrated in the laboratory [121], and promises to obtain truly 
nano-scale resolutions. As such, investigations into sub-wave length optical 
lithographies presented in this thesis and in the literature should provide very useful 
insight for the possible further development of such a technology. There has also been 
recent success in parallelising other scanning probe techniques for either 
thermomechanical high-density data storage [139] or for dip-pen nanolithography 
(DPN) [195]. These two examples have been successful probably because of their 
ability to carry out their function at high speeds with minimal tip wear and at an 
enhanced resolution to more established techniques. Scanning thermal lithography, 
presented in Chapter 7, could meet these criteria with some advances in probe design. I 
have demonstrated that scanning thermal probes can be used for thermochemical 
patterning of conjugated polymers with a resolution of 120 nm. Furthermore, I have 
used finite element analysis to demonstrate that further resolution enhancements should 
be possible by optimising both the sample and the probe designs, with the ultimate 
resolution being in the 10 nm regime. Such a thermal lithography with a scanning probe 
may be more fruitful than SNOL in an industrial context because of the possibility of 
more durable probes which should be straightforward to parallelise, and because of the 
absence of complex optical components. The probe can be kept in continuous contact 
with the surface whilst pixel writing is switched on and off merely by adjusting the 
current to the probe. This field of research is still very fresh and understanding of 
thermolithographic processes at the nano-scale could be increased further by testing 
more thermally activated resists and other processes such as local heat-induced phase 
changes and surface treatment by local heating. More experimentation is required to 
understand and optimise the balance of thermochemical and thermomechanical effects 
in the presented results on PPV and more modelling is also required to accurately 
predict the temperature profile around a hot probe during typical operation that might 
include scan-speed as a parameter, for example.
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Appendix I -  Derivation of Fresnel reflection coefficients
Plane of 
incidence-► JSxi
0i= e,
Definitions of the incident wavevectors:
k o =  {k»2 +  k>,2 +  k - f Y 2 = - y
k = {k J +k » Y 2
„  k.,
C O S #, =  —
' k
>
sin # = — 
1 k
Equation 36
From SnelF s Law ( nt sin #, -  nt sin #,)
sin #  = — sin 9. Equation 37
(  2i 2 \^ 2j n. k.cos #, = 1 — Equation 38
I  K K )
Fresnel coefficients for reflection at an interface:
Equation 39
_ nt cos0t -  nt cos#, 
1 72, cos#, + nt cos#,
nt cos#, -tz, cos#, 
ti, cos#, +77, cos#,
Equation 40
Putting (36) and (338) in (39) and (40)
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n 2k 2^ 21 _  f l i  K ,”> . •>
r, = K K
k...
n 4  +n-
nt 7 k n.
r 11=
(  2 ,2 ^ 2  
i n, K 
2 , 2  
v n' K  j
(  2 , 2  ^/^2 
, _ ! h A _  
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Equation 41
Equation 42
Plane of 
incidence
•it
From above:
E | | i  COS0i o r  —E ljr  COS0r
X
For the incident beam:
Eu = -E„  sin ft + £ v, cos$ 
E„ cos0, + E„ sin <t>,
EP = C O S #
Equation 43 
Equation 44
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For the reflected beam:
Exr = - E Lr sin <pt -  £|jr cos#, cos$ 
Eyr = E r cos(f>t -  £ |r cos#, sin (f>t 
Also:
k
COS0, =  —
Equation 45 
Equation 46
Equation 47
sin $  = —  
k.
Equation 48
At the interface: (by definition of the Fresnel coefficients)
Equation 49
Equation 50
Eu =
£ ir = r±E1:
By substitution of (43) and (44) in (49) and (50):
E xi cos <j>i + E yi sin 0,
COS #,
= (- E„ sin 0  + E„ COS0 )rL
Equation 51 
Equation 52
By substitution of (51) and (52) in (45) and (46):
/ \ £  cos$ + Evl sin A
£ „  = E„ sin 0  + £„ cos0  )r sin 0 ------------- — — ---------r, cos<9, cos$
£ vr = (- Eu sin 0  + £ ,  COS0, )r cos# -
Em c o s #  + Ev, sin 0
C O S #
r. cos 6? sin $
By substitution of (47) and (48) into (53) and (54):
E„. = -
f k k k f  k k „ \yi
+ E „  — r
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X ~
X I  1  V 
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k„ k ^ k ( k k vi) k vl-E „ -2 -+ E u -z- r  —  - E xl —  + E... — rw —k k\  K> K> ± ki k kK K> i 1 k,
By substitution of (41) and (42) into (55):
Equation 53
Equation 54
Equation 55
Equation 56
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Using the following substitutions:
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Equation 58 
Equation 59
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By substitution of (41) and (42) in (56):
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By substitution of (58) and (59) into (61):
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